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DERMATITIS HERPETIFORMIS 
TREATMENT WITH SULFONAMIDES 


H. HANFORD HOPKINS* 
Received for publication September 15, 1952 


Despite the fact that dermatitis herpetiformis can be successfully controlled 
in a large percentage of cases by sulfapyridine and sometimes by sulfadiazine, 
many physicians are unaware of the use of these drugs in this disease, and 
many dermatologists are unfamiliar with the technique of employing the drugs 
to the best advantage. The disease occurs with sufficient frequency, and is 
certainly sufficiently distressing to the victim to warrant a detailed account of 
what can be accomplished with the proper use of these two sulfonamides. 

No attempt will be made to discuss the pathogenesis of the disease which 
already is dealt with extensively. Only the practical therapeutic use of the 
sulfonamides will be brought out, and this will be done by the presentation of 
the records of four patients, the first of whom is one of the first patients so 
treated in this country. Unknown to the author at the time, Long (1) used 
sulfanilamide with some success in one patient in Baltimore in 1937, Sulzberger 
(2) in New York City had used the drugs in March 1939, and Costello (3) 
in April, 1939. In October 1939, an English soldier began taking sulfapyridine 


for dermatitis herpetiformis, and did so continuously until at least January 
1944; when his case was reported as a curiosity by Barling (4). 

As will later appear, the first patient has been treated for thirteen years, 
the second for ten years, the third for eight years, and the fourth since Octo- 
ber, 1951. 


Case No. 1 


E. W. H. a 55-year-old white male hotel manager was first seen June 18, 1939. He had 
generalized profuse severe dermatitis herpetiformis, no part of the body being spared except 
the palms and soles. The attack had begun about nine months previously and had developed 
rapidly. The patient complained bitterly of intense, constant itching and burning, was de- 
pressed, and had lost about forty pounds in weight since the onset. Physical findings were 
within normal limits except for the skin lesions, and the laboratory findings were negative. 

Since treatment with many remedies including arsenic had been totally ineffective, it 
was decided to treat him experimentally with sulfapyridine. The drug was given in the same 
dosage then used for pneumonia. He was given 6.0 grams daily for four days, then 4.0 grams 
daily for five days, and finally 3.0 grams daily for two days, at which time he was discharged 
from the hospital. 2.4 grams of sodium bicarbonate were given daily with the sulfapyridine. 
No reaction except drowsiness occurred. 

Much to the amazement of all observers, itching and burning disappeared within twenty- 
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four hours after the drug was started, and the skin lesions healed entirely in one week. The 
use of the drug was discontinued and he was discharged from the hospital apparently cured. 
Within one week first itching and then groups of vesicles began to reappear. The use of sulfa- 
pyridine was gradually resumed, and it was found during the following three months that 
3.0 to 4.0 grams daily were necessary to keep him free from symptoms. He continued to take 
this dose until October 2, 1940, occasionally omitting the drug for a few days at a time to 
see if symptoms would recur, as they always did. He regained his lost weight, felt well, and 
worked regularly. 

On October 2, 1940, he was readmitted to the hospital for experimental treatment with 
sulfathiazole. At the time he had a few scattered groups of tiny vesicles. Physical and labora- 
findings were again within normal limits. 

Sulfathiazole was given as follows: 3.0 grams the first day, 6.0 grams the second, third and 
fourth days, and then 4.0 grams daily until October 22, 1940. The itching and skin lesions 
became steadily more severe and widespread, approaching the state existent before sulfa- 
pyridine therapy was begun sixteen months before. Sulfathiazole was discontinued, and 
sulfapyridine resumed, 3.0-4.0 grams daily. Recovery was again prompt. 

During the next four years the patient controlled his disease with from 2.0 to 4.0 grams of 
sulfapyridine daily. Remissions of several weeks duration occurred when he could get along 
without the drug. He found that excessive fatigue, and over exposure to hot sun induced the 
appearance of lesions at times. Sun would cause lesions to appear only on exposed parts. 
During this period hypertensive vascular disease developed. No evidence could be uncovered 
that this could have been caused by the use of sulfapyridine and the drug was not discon- 
tinued. 

Beginning in 1945, remissions became longer, and more complete. From January 1946 
until January 1947 he took no sulfapyridine, and developed only an occasional blister. From 
then until July 25, 1952, he occasionally felt the necessity of taking one tablet. During a long 
hot auto trip in July 1952, he suffered a rather severe relapse. Lesions appeared profusely 
over the left side of the face, the left arm, and to a lesser extent over the rest of the body. 
The left side of the face and the left arm received of course the fullest effects of the sun’s 
rays while driving. Sulfapyridine, 3.0 grams daily with soda, was administered with the usual 
prompt benefit. At this time signs of cardiovascular-renal hypertensive disease were still 
present, to a degree about the same as when discovered in 1940. 

This case illustrates how a patient actually invalided because of dermatitis herpetiformis 
was restored to good health and productive work with sulfapyridine. It demonstrates also 
that sulfathiazole was ineffective in this case. The subsequent experience of the author in 
other cases, and of other physicians, has established the inefficacy of sulfathiazole in this 
disease. 


Case No. 2 


H. M. B., a white male executive aged 50, was first seen in January 1942. He had had 
dermatitis herpetiformis for about thirty years. The lesions occurred in characteristic crops, 
for the most part on the scalp, neck, shoulders and arms; to a lesser extent elsewhere. Itching 
was paroxysmal, at times severe, but the outbreaks were never extensive enough to interfere 
seriously with his general health, which was good. Although he had consulted numerous 
physicians, a correct diagnosis had never been made. Examination of blood and urine re- 
vealed normal findings. At the first examination, lesions were present on the scalp, neck, 
shoulders, arms, and buttocks. Response to sulfapyridine was prompt and unattended by any 
unpleasant reactions. On 2.5 gram administered three times daily with one half teaspoonful 
of sodium bicarbonate in a glass of water, itching disappeared in two days, and the lesions 
healed in one week. Later it was found that two tablets daily, 0.5 gram in the morning and 
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0.5 gram in the evening, would prevent the outbreak of lesions, but that it was impossible 
to reduce the dose further without the recurrence of lesions. This dosage level was maintained 
until 1948, when it became possible to reduce the dose to one tablet (0.5 gram) daily, with 
complete control of symptoms and signs. To the time of this writing, (Ausut 1952), however, 
it has been impossible to stop the drug without recurrence. The patient occasionally forgets 
to take the tablet for a few days, and invariably itching vesicles reappear. No undesirable 
reactions to the drug have ever occurred. Repeated examinations of the blood and urine 
have always revealed normal findings. Treatment with other sulfonamides was never tried 
since response to sulfapyridine was excellent. 


Case No. 3 


L. L. B., a white male bricklayer, age 24, was first examined May 22, 1944. He presented 
classical bullous dermatitis herpetiformis, with lesions profusely distributed over the entire 
body. Although he had had the disease for eighteen months, his general health had remained 
fairly good, in spite of the severe itching. Treatment with Fowler’s solution had been in- 
effective. The blood picture was within normal imits, and results of urinalysis were also with- 
out abnormalities. 

Treatement with sulfapyridine was begun with an initial dosage level of 1.0 gram three 
times a day giving it with a full glass of water containing one-half teaspoonful of soda, or 
two soda-mint tablets. Only two new small vesicles developed during the first week of treat- 
ment, and the original lesions almost completely healed, leaving intense pigmentation. By 
the end of the second week of treatment, itching had disappeared, and all vesicles were gone. 
The dose of sulfapyridine was reduced then to 0.5 gram three times a day and relapse 
promptly followed. Upon resumption of 1.0 gram three times a day the skin again cleared. 
In September 1944, he began to develop an occasional blister when taking 3.0 grams a day. 
By January 1945, the number of fresh vesicles developing had increased somewhat. Increas- 
ing the dose of sulfapyridine to 1.0 gram four times a day abolished all lesions. The patient 
then voluntarily reduced the dose to the previous level of 1.0 gram three times a day, and 
remained free of lesions until June 1945. Upon slight recurrence again, it was then estab- 
lished that eight tablets, or 4.0 grams a day were necessary to keep him free of lesions. From 
June 1945 until June 1951 the patient remained free from new lesions except under two condi- 
tions; vesicles would reappear if he reduced the dose as much as one tablet (0.5 gram) a 
day, and during very hot weather in the summer when he was exposed to the sun working 
at his trade as a brick layer, he would always develop a few transient vesicles, in spite 
of eight tablets (4.0 grams) a day. In June of 1951 he suffered a real relapse, the lesions being 
generalized, although infinitely less severe than before treatment was started in 1944. By 
increasing the dose to nine tablets (4.5 grams) a day this relapse was rapidly and completely 
abolished. In less than one month the dose was reduced to the previous eight tablets (4.0 
grams) a day. From then until the time of this writing the patient has remained entirely free 
of symptoms and signs on eight tablets (4.0 grams) a day. 

During’ the entire period of treatment the only complaint possibly attributable to sulfa- 
pyridine is that sometimes the patient does not feel as energetic as he did before taking the 
drug, and feels more tired when he comes home from work. Freedom from the itching and 
blisters however, more than compensates him for these symptoms. 

Repeated blood counts during the entire period of observation and treatment showed 
essentially the same picture. The hemoglobin and red cell counts were always in the lower 
ranges of normality, and the technician usually reported slight achromia. The leucocytes and 
platelets were always within normal limits. 

Repeated urine analyses were also made. A faint trace of albumin was usually reported 
although many specimens showed none. Examination o the sediment revealed a few red 
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blood cells per high power field and a few white blood cells in some specimens, and none in 
others. 

The last blood count, reported March 8, 1952, after eight years of treatment showed: 
Hemoglobin, 13.2 gm. (85%); R.B.C., 4,120,000; W.B.C., 7,850. 

The differential count was: Polymorphonuclears, 70%; Juveniles, 2%; Eosinophiles, 0; 
Basophiles, 0; Small lymphocytes, 19%; Large Lymphocytes, 5%; Mononuclears, 4%; Plate- 
lets, normal amount. 

The last urinalysis, reported the same date showed: Appearance, clear straw; Reaction, 
acid; Specific gravity, 1.015; Sugar, 0; Albumin, trace; Acetone, 0; Diacetic acid, 0. 

Microscopic: Epithelial cells, rare; W.B.C., 2 per h.p.f.; R.B.C., 0; Casts, 0; Mucous, few 
threads; Crystals, 0; 


In addition to the cases reported above many other patients with dermatitis 
herpetiformis were treated. In general it was found that sulfapyridine worked 
better in the younger than in the older age groups. Older patients are more 
apt to develop toxic symptoms, and the disease responds less well to the treat- 
ment. Some patients were completely intolerant of sulfapyridine. This in- 
tolerance always manifested itself within the first week or ten days. If no toxic 
symptoms develop within about ten days, a patient can usually take the drug 
indefinitely without apparent harm. 

The frequent intolerance of sulfapyridine, and the inefficacy of sulfathiazole, 
led to the trial of sulfadiazine. It was found that in some patients intolerant 
of sulfapyridine the disease would respond satisfactorily to sulfadiazine. Fur- 
thermore it was found that sulfadiazine would control the disease in an occa- 
sional patient in whom for some unknown reason sulfapyridine failed utterly. 
This led in recent years to initial treatment of all patients with sulfadiazine 
rather than sul‘apyridine, since toxic symptoms are less likely to occur follow- 
ing the administration of the former than the latter. These toxic symptoms will 
be described later. When sulfadiazine is initially ineffective a change to treat- 
ment with sulfapyridine is made. 

The last case (No. 4) illustrates how sulfadiazine can be effective. It illus- 
trates also how the correct diagnosis can be masked by secondary eczematous 
changes for a long time. The reader should note that response to sulfadiazine 
was slower in this case than was the response to sulfapyridine in the foregoing 
cases. The beneficial effect of sulfadiazine is slower in all patients who respond. 
The initial trial period should be at least two weeks rather than one, which is 
all that is usually necessary with sulfapyridine. 


Case No. 4 


M. E. B., a spinster, retired government employee of sixty-eight years was first seen 
February 15, 1951. She gave a history of skin diseas: beginning eighteen years before. Some- 
time after the onset she was told by a competent dermatologist that she had neuroderma- 
titis. In a number of months the eruption, which she said was generalized, disappeared, with 
the exception of a patch on the back of the neck. This patch persisted until 1949, when it 
gradually enlarged and spread over the shoulders and trunk. She then consulted another 
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dermatologist who removed a biopsy specimen and told her she had lichen planus. Treat- 
ment with bismuth and subsequently with arsenic over a period of about six months resulted 
in little if any benefit. She then took a trip for her health without improvement. 

Examination revealed a remarkable eruption. The entire body was involved with the 
exception of the face, palms, and soles. That which caught the eye first was the chest, the 
lower portion of which, front and back, showed a solid purplish-red, scaly, and lichenified 
infiltration without sharp definition. Otherwise the lesions consisted of discrete, grouped 
and confluent pinhead or slightly larger sized, scaly macules, most of which had been ex- 
coriated and appeared as erosions. A precise diagnosis was not possible. General physical 
and laboratory findings were within normal imits. Two biopsy specimens were removed, one 
from the large plaque, and one from a supposed primary lesion. The pathological diagnosis 
was eczematous dermatitis. 

The patient was hospitalized and treated witn Fowler’s solution, to the point of tolerance. 
By May 15, 1951, after two months of treatmeiit, the skin lesions had largely healed, leaving 
intense dark-brown pigmentation, the character of which was the first suggestion that the 
patient might be suffering from dermatitis herpetiformis. The remission lasted until October 
1951. The relapse then was a generalized shower of pinhead sized extremely pruritis vesicles. 
Dermatitis herpetiformis seemed fairly certain from the appearance of the lesions at that 
time, and treatment with sulfadiazine was begun on October 9, 1951, with 1.0 gram three 
times a day. Healing was not as prompt as that usually seen after the administration of 
sulfapyridine, but in one week the patient was much better, and in one month the lesions 
had entirely healed, leaving only areas of brown pigmentation interspersed with spots and 
areas of leucoderma, so commonly seen following the successful treatment of dermatitis 
herpetiformis. The only reaction to sulfadiazine was slight nausea. The dose was reduced to 
0.5 gram three times a day, and during the following nine months the skin remained cr tirely 
devoid of new lesions, and there was no itching. 

In view of expcrience with other cases the response to treatment with sulfadiazine estab- 

ished the diagnosis of dermatitis herpetiformis in this patient. No longer will it be a serious 
problem to contro! her disease. Small doses of sulfadiazine “hen necessary should suffice. 


COMMENT 


Notwithstanding the ease of prescription and the hopeful auguries for con- 
trol engendered by the reports heretofcre set out, therapy with sulfadiazine or 
sulfapyridine for dermatitis herpetiformis should ».ot be entered upon lightly. 
Serious reactions can and do occur, and this is especially true in connection 
with sulfapyridine. Acute hemolytic anemia, or agranulocytosis can result in 
death; blockage of the kidney tubules with the products of sulfapyridine with 
fatal anuria must be prevented by the concomitant administration of sodium 
bicarbonate in plenty of water; and distinct depression of the leucocyte count 
(below 5000), hemoglobin, or red count, during the first, second, third and 
possibly fourth weeks of treatment should call for interruption of the use of 
the drug often permanently. In this way only can serious or fatal reactions be 
avoided. Malaise, nausea, dizziness, headache and cyanosis are common symp- 
toms, and must be weighed against the benefits of the drugs. Repeated vomiting 
precludes their use. During the first month of treatment, repeated examinations 
of the urine and blood must be carried out. In the urine a few R.B.C. per 
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high power field may be disregarded, but increasing hematuria calls for cessa- 
tion of administration of the drug immediately. Persistent or increasing 
crystalluria can not be disregarded. Approximately twelve deaths from sulfa- 
pyridine have been reported, one in a patient with dermatitis herpetiformis. 
Most of the deaths were in patients seriously ill with debilitating disease. Most 
of them received large daily doses of the drug. In dealing with patients with 
dermatitis herpetiformis, care in the selection of cases, proper dosage of the 
drugs employed, and diligent attention to toxic manifestations should prevent 
serious reactions. 


SUMMARY AND CONCLUSIONS 


1. The case reports of four patients with dermatitis herpetiformis are pre- 
sented, to illustrate thirteen years of experience in using the sulfonamides to 
control this disease. 

2. Dermatitis herpetiformis can be controlled in most patients with sulfa- 
pyridine. 

3. In a lesser number, sulfadiazine is effective. 

4. In a very few, sulfadiazine is effective whereas sulfapyridine is not. 

5. Sulfathiazole is apparently ineffective. 

6. Great care must be exercised to prevent the development of serious toxic 
reactions, which are rare. 
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DISSIMILATION OF GLUCOSE-1-PHOSPHATE AND OF FRUCTOSE- 
1,6-PHOSPHATE BY ISOLATED RAT DIAPHRAGM AND BY 
CELL-FREE EFFLUENT FROM RAT DIAPHRAGM! 


K. L. ZIERLER, R. I. LEVY anp R. ANDRES 
Departments of Environmental Medicine and of Medicine, The Johns Hopkins University and Hospital 
Received for publication September 30, 1952 


Rat diaphragm has been employed widely in studying respiration of striated 
muscle because it is a readily available tissue, sufficiently thin to permit dif- 
fusion of oxygen from the surrounding medium. It has been considered a 
particularly valuable too! for the elucidation of many events concerned with 
carbohydrate metabolism, and metabolism of segments of diaphragm is as- 
sumed to represent the activity of relatively intact cells. If this assumption 
is correct, the problem of membrane permeability introduces theoretical 
limitations to the range of applicability of this technique, on the basis that 
substrate and enzyme require intimate spatial approximation to react. It 
has been reported, for example, that incubation of diaphragm in a medium 
containing glucose-1-phosphate did not result in an increase in the glycogen 
content of the diaphragm under circumstances in which glycogenesis occurred 
when glucose was the substrate (8). Furthermore, an important theory treating 
of the mechanism of intracellular concentration of potassium relies in part 
on the assumption that the muscle cell membrane is impermeable to hexose 
phosphates (2). These considerations suggested inquiry into the ability of iso- 
lated vertebrate skeletal muscle to dissimilate hexose phosphates added to the 
bathing medium. 

The present report demonstrates that diaphragm, in vitro, does effect dis- 
similation of added glucose-1-phosphate (G-1-P) and also of added fructose- 
1 ,6-phosphate (FDP). Evidence to be presented indicates that this dissimila- 
tion is owing to movement of effective enzyme systems from within the cells 
to the extracellular phase under those conditions in which enzymatic activity 
of isolated diaphragm is studied ordinarily. 


EXPERIMENTAL 


Male albino rats of the Sherman strain, weighing 250 to 300 grams, were used. The rats 
were killed by decapitation and the entire diaphragm was quickly removed and suspended 
in chilled potassium phosphate buffer, pH 7.4, unless otherwise stated. Segments of dia- 
phragm weighing 50 to 100 mg. each were blotted on filter paper, weighed rapidly on a tor- 
sion balance, and placed at once into reaction vessels to which had been added previously- 
chilled reaction solution. Composition of the medium, unless otherwise stated, was: 0.05 
M potassium phosphate, pH 7.4, 0.0183 M MgCls, and 0.051 M NaCl. This is an isosmotic 
solution. Substrate, when added was dissolved in the NaCl. This medium, in pilot experi- 
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ments, was associated with slightly greater rates of oxygen consumption, lactate production, 
and G-1-P dissimilation than occurred in media in which other buffers (sodium phosphate 
or sodium barbital) or in which other concentrations of magnesium were substituted. 

The reaction vessels were connected to conventional Warburg manometers, placed in 
the bath at 37°C., and gassed for five minutes with 100 per cent oxygen. Equilibration with 
stopcocks open proceeded for an additional five minutes; the stopcocks were closed and 
manometer readings were noted at 20 minute intervals when oxygen consumption was de- 
termined. At the end of the incubation period the flasks were removed from the bath, the 
reaction stopped, and the contents analyzed. 

The analytical scheme was as follows: 2 ml. of Warburg flask contents were pipetted into 
0.25 ml. of 3g N H.SO,, and, after mixing, 0.25 ml. of 10 per cent NazWO, was added. 
After centrifugation, 0.5 ml. of supernant was set aside for determination of lactic acid by 
the Barker-Summerson method (1), and 1.0 ml. of supernant was made up to 10 ml. with 
distilled water. Of the 1:10 dilution of supernant, 1.0 ml. was set aside for determination of 
reducing value and 2.0 ml. were hydrolyzed for seven minutes at 100°C. with 2.0 ml. of 2 
N HCl. After neutralization to phenolphthalein the reducing value of this fraction was 
obtained. 

The difference between the two reducing values was recorded as G-1-P. The reducing 
value, compared to glucose, of the unhydrolyzed sample represented several components, 
almost all of which presumably were hexoses. In some experiments efforts were made to 
dissect the composition of this unhydrolyzed reducing fraction, by two reprecipitations with 
barium acetate (3). Fructose analysis (7) of the barium precipitate was considered a measure 
of FDP; fructose analysis of the supernant was considered a measure of fructose-6-phos- 
phate. When FDP was the substrate, and when preliminary experiments indicated that the 
reaction proceeded in the direction of glycolysis (no glucose phosphate or fructose-6-phos- 
phate having been formed) barium precipitation was not used in the definitive experiments; 
fructose analysis of the protein-free supernant was considered a measure of the FDP re- 
maining in the reaction vessels. 

The inorganic phosphate-free supernant resulting from barium precipitation was tested 
by A7’ phosphorus analysis. Since the results were in substantial agreement with the A7’ 
reducing value they are not recorded in detail. Total organic phosphorus was determined on 
the inorganic phosphate-free supernant by an adaptation of the Fiske-Subbarow method 
previously described (4). 

In some experiments the glycogen content of the diaphragm was determined. When this 
was done, the diaphragm was removed from the reaction vessel and plunged immediately 
into 1 ml. of hot 30 per cent KOH. This mixture was heated in a boiling water bath until 
clear. Glycogen was precipitated by addition of 1.1 volumes of 95 per cent alcohol and 
allowed to stand overnight at 4°C. before centrifugation. The precipitate was taken up in 1 
ml. of 1 N HCl and hydrolyzed at 100°C. for 150 minutes. After neutralization, glucose was 
determined by the Nelson method (6). 

The G-1-P and the FDP used in these experiments were purchased from Schwarz Labora- 
tories, New York, New York. Several lots of G-1-P proved to be 90 to 95 per cent pure by 
A7’ analysis. There was no reducing substance in the material before hydrolysis, and spon- 
taneous hydrolysis never occurred during one-hour’s incubation in reaction vessels. The 
FDP contained no “barium-soluble” hexose phosphates and was at least 95 per cent pure 
by fructose analysis. 


Dissimilation of glucose-1-phos phate 


Since measurements of dissimilation of G-1-P and of endogenous metabolism 
were made simultaneously on segments of the same diaphragm, the data may 
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be considered as derived from paired experiments. The difference in activity 
between members of the pairs (with and without added G-1-P) is considered a 
measure of the influence of added G-1-P. 

In every experiment addition of G-1-P was associated with accelerated oxy- 
gen consumption (Table I) and accelerated lactate production (Table II). It 
will be noted in Fig. 1 that the effect of added G-1-P on oxygen consumption 
is not apparent until the last 20 minutes of the hour. This delay is in harmony 
with later observations concerning the time-course of the reactions. 

The average quantity of G-1-P dissimilated in 10 experiments was 37.0 + 
6.5 uM per 100 mg. of diaphragm, wet weight, at the end of the hour. In 


TABLE I 
Increment in Oxygen Consumplion due to Glucose-1-Phos phate 
O: consumed, uM /hr/100 mg diaphragm 





ENDOGENOUS + G-1-P* 4 





4.72 +0.38 
4.68 +0.88 
4.42 +0.82 
4.41 +0.46 
4.37 +0.55 
4.33 +1.28 
4.29 +0. 66 
4.26 +0.14 
3.94 +0.36 


1 4.34 
2 3.80 
3 3.60 
+ 3.95 
5 3.82 
6 3.05 
7 3.63 
8 4.12 
9 3.58 





4.38 +0.61 
~~ +0.107 








w 
| & 
~] 








* Glucose-1-Phosphate. 

Contents of Warburg flasks (final concentrations): 0.05 M potassium phosphate buffer, pH 7.4; 
0.0183 M MgCls; 0.051 M NaCl; G-1-P, when added, was previously dissolved in the NaCl. Two 
concentrations of glucose-1-phosphate were tested: 25 and 50 uM per flask. Diaphragm segments 
were added last; the size of the segments was varied by design from 40 to 120 mg. Final flask volume, 
3.1 ml. including 0.1 ml. 2 N NaOH in center well. Atmosphere, oxygen. Temperature, 37°C. 
Equilibration time, 10 minutes. 


absolute terms, of 40 uM of G-1-P added, on the average, to each reaction 
vessel, 26 uM or 65 per cent was dissimilated. This does not reflect the true 
rate of dissimilation, however. When the reaction vessels were sampled serially 
it was found that the system was relatively inactive during the first 20 minutes 
of incubation (Fig. 2). 
With regard to the pathway of disposition of the glucose-1-phosphate, three 
reasonable possibilities are: 
(1) glucose-1-phosphate — glycogen 
(2) glucose-1-phosphate — glucose-6-phosphate 
(3) glucese-1-phosphate — glucose + inorganic phosphate. 
If reaction (3) is true, the experiment must be considered an artifact; that is, 
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a non-specific phosphatase splits G-1-P, the derived glucose enters the cell and 
is the source of the measured accelerated oxygen consumption and lactic acid 
production. 

Analysis of total organic phosphate in the extracellular fluid revealed no 
loss of added organic phosphate; that is, in each flask, each micromole of re- 
ducing substance, expressed as glucose, was associated with a micromole of 
organic phosphate (Table III). This indicates that reaction (3) did not take 


TABLE II 


Increment in Lactic Acid Production due to Glucose-1-Phosphate (Paired Experiments in 10 Rats) 
Lactic acid produced, u.M/hr/100 mg diaphragm 








Endogenous | + G-1-P | 


2.14 


8.20 | 
6.72-13.10 | 





Experimental conditions as in Table I. 


°F oo oP 


X-~-X Endogenous 
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Fic. 1. Effect of glucose-1-phosphate on oxygen consumption by rat diaphragm. See 
Table I for experimental conditions. Each point is the mean of 9 experiments. 
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place. Additional evidence against reaction (3) was obtained in an experiment 
in which glucose was substituted as substrate for G-1-P; in this case no hexose 
phosphates were recovered from the extracellular fluid, in contrast to the 
observations noted when G-1-P was substrate (vide infra). 

Table IV is a balance sheet demonstrating that reaction (2) occurred. No 
glycogen was recovered either from extracellular fluid or as an increment in 
diaphragmatic glycogen, so that reaction (1) did not prevail. On the average, 
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the reducing value of the contents of the reaction vessel before seven-minute 
hydrolysis was equal to 22.9 uM glucose per 100 mg. diaphragm. This reducing 


15 
30 


-I-P Converted/!1O0O mg diaphragm 





l j l l 


Minutes 20 40 60 


Fic. 2. Dissimilation of glucose-1-phosphate in the presence of diaphragm. Each point 
is the mean of the number of experiments indicated by the associated numbers. Experi- 
mental conditions as in Table I. 





TABLE III 
Equimolar Relation Between Total ““Hexose” and Total Organic Phosphate 





“Ba-SOLUBLE”’ TOTAL ORGANIC 
+“ ” 
TOTAL ae AS GLUCOSE PHOSPHATE 


Bb 











EASSSS 
eonun Oo oO 





47.3 4M of glucose-1-phosphate (by analysis of 47’ reducing value) added to reaction vessels. 
Total hexose js the remaining glucose-1-phosphate after one hour incubation with diaphragm plus 
the reduciug substance present in the solution before 47’ hydrolysis. Organic phosphate analysis 
was performed on the “barium-soluble” fraction. The analysis thus excludes phosphate from 
fructose-1, 6-phosphate. 


material presumably was not glucose because it was precipitated by addition 
of four volumes of 95 per cent ethanol. 

Quantitative definition of this “hexose-phosphate” fraction which formed 
the bulk of the derivatives of G-1-P was unsuccessful. Fructose analysis of 
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barium-precipitable and barium-soluble fractions demonstrated the presence of 
fructose in both fractions. The distribution between the two fractions, however, 
was so variable that precise discrimination cannot have been attained. Never- 
theless, the presence of fructose in reaction vessels to which G-1-P and dia- 
phragm had been added, and the absence of fructose from control flasks further 
support the probability that the main pathways of glycolysis were followed. 
There is justification, then, for the view that the “hexose phosphate”’ fraction 
is a mixture of glucose-6-phosphate, fructose-6-phosphate, and FDP. Ordi- § 
narily, the reducing value of these three substances is considered to be less 
than that of the theoretical equivalent of free glucose. Available conversion 
factors (3), however, would appear to be loo large; doubling the “hexose 
phosphate” value given in Table IV, for example, provides better than 100 
per cent recovery. Vestling has reported similar difficulties in evaluating reduc- 
ing activity (9). In any case, the quantity reported for “hexose phosphate” 


TABLE IV 
Reaction Products Derived from Glucose-1-Phos phate by Diaphragm 
(Average for 10 rats) 





AS uM HEXOSE PER HR PER 100 AS PER CENT OF GLUCOSE-1- 
MG DIAPHRAGM PHOSPHATE USED 





A “hexose phosphate” uM 
A lactic acid uM + 2 
A oxygen consumption uM + 6 





25.99 
37.05 











may be considered a minimum. Although it is possible that almost all of the 
otherwise unaccounted-for products of glucose-1-phosphate utilization remained 
in the “hexose phosphate” fraction, evidence to be presented later suggests 
that most of these products were 3-carbon molecules. 

There can be no doubt, however, that G-1-P was dissimilated when in contact 
with the dia, hragm, that its disposition appears to have followed the main 
outlines of the glycolytic path, and that most of the remaining glucose-l- 
phosphate and its reaction products could be accounted for in the extracellular 
solution. 


Glycolytic activity of cell-free effluents 
Glucose-1-phosphate—The foregoing leads naturally to consideration of the 
site of the reactions. If substrate and reaction products were almost entirely 
extracellular, as analysis indicated, and if glucose-1-phosphate did not enter 
the cell, at least the first reaction in the series, presumably the phosphogluco- 
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mutase step, must have occurred outside or on the surface of the tissue. Further- 
more, it was noted that the extracellular solution always yielded a precipitate 
with protein-precipitating agents, indicating extracellular escape of at least 
some protein. These observations led to speculation that entire enzyme systems 
might emerge from diaphragm segments during the course of incubation. 


TABLE V 
Scheme of Diaphragm Transfer Experiments 
First hour (preliminary incuba- 1 


| 
tion) 2 | 
- | 





FLASE NO. 


MEDIUM SUBSTRATE 





| 





Second hour (assay period) 


+ (from Flask 1) 
+ (from Flask 2) 


+++4+4+] 444+ 


| 
TABLE VI 
Dissimilation of Glucose-1-Phos phate by Extracellular Effluent from Diaphragm 


(Nine experiments) 


| 
DIAPHRAGM PRESENT DIAPHRAGM ABSENT a a 


Glucose-1-phosphate consumed 49.9 +3.00 57.3 + 7.00 1.26 
“Hexose phosphates” produced 30.0 + 3.65 38.4 + 4.65 1.75 
A lactic acid produced 2.38 + 0.29 3.62 + 0.46 2.44 




















See text for experimental conditions. Values expressed as uM/hr/100 mg diaphragm, and repre- 
sent the mean (+ standard error) activity during the second hour of incubation in nine pairs of 
experiments. A lactic acid refers to increment in lactic acid production beyond that of endogenous 
controls. In the absence of glucose-1-phosphate, there were no reducing substances in the extra- 
cellular effluent. In the absence of diaphragm there was no oxygen consumption; in the presence of 
diaphragm, there was oxygen consumption during the second hour which was enhanced by addition 
of glucose-1-phosphate. “‘t”’, obtained as the difference between means divided by the standard 
error of the difference, calculated on the basis of paired series, is considered to show no significant 
difference except in the case of lactic acid, where the degree of probability is approximately 2.5 per 
cent. 


The hypothesis was tested as follows (Table V) : Segments of diaphragm were 
placed in Warburg flasks containing the solutions described in Table I. G-1-P, 
50 uM in 0.154 M NaCl, was in the sidearm. The flasks were gassed with oxy- 
gen, allowed to equilibrate, and incubated for one hour at 37°. Manometer 
readings were recorded at 20-minute intervals. At the end of one hour the 
flasks were removed from the bath. The diaphragm segments were transferred 
to fresh flasks, some containing G-1-P, some not, but all of the composition 
recorded in Table I. These flasks are labeled “diaphragm present” in Table 
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VI. The G-1-P was tipped into the main compartment of half the flasks from 
which diaphragm had been removed. These flasks are labeled “diaphragm 
absent” in Table VI. The flasks were reoxygenated, re-equilibrated, and the 
reaction was allowed to proceed for one hour at 37°, during which oxygen 
consumption was measured. At the end of this second hour, the reaction was 
stopped with H,SO, as indicated in the previous experiment and the flask 
contents were analyzed for G-1-P, other “hexose phosphates,”’ and lactic acid. 

The results of these diaphragm transfer experiments appear in Table VI. 
In the absence of diaphragm G-1-P disappeared; it was accounted for largely as 
other “hexose phosphates” and as lactic acid. In this respect activity in the 
absence of diaphragm was slightly, but not significantly, greater than in the 
presence of diaphragm. There was, however, no oxygen consumption in the 
absence of tissue. 

These results are interpreted as indicating that systems effective in dissimila- 
tion of G-1-P emerged from diaphragm during the course of incubation in 
reaction vessels. Furthermore, since lactic acid was produced, extraction 
appears to have included the entire chain of the glycolytic system. 

Comparison of Tables IV and VI reveals that the additional hour of incuba- 
tion had no deleterious effect on the ability of the diaphragm to dispose of 
G-1-P. During the second hour the diaphragm was slightly but not significantly 
more effective in causing disappearance of G-1-P and production of other 
“hexose phosphates.”” However, during the first hour significantly more lactic 
acid was produced than during the second hour (t = 7.67, p < 0.001). 

In another series of experiments the duration of preparatory incubation was 
varied. The resulting effluent was then incubated for one hour with substrate. 
The results (Fig. 3) indicate that increasing quantities of enzyme escaped from 
the tissue. Extrapolation to zero activity suggests that a delay of the order of 
15 minutes was necessary before the presence of enzyme in the medium was 
detectable. The shape of the curve in Fig. 2, therefore, appears to be the result 
of progressively increasing concentrations of enzyme in the medium. 

Fructose-1 ,6-phosphate—A similar series of experiments was performed in 
which FDP was provided as substrate in place of G-1-P. Preliminary observa- 
tions demonstrated that, under the conditions employed, dissimilation of FDP 
was effected by diaphragm segments, that no fructose-6-phosphate or glucose 
phosphates were formed, and that lactic acid was produced and oxygen was 
consumed in excess of the endogenous rate. 

Disappearance of FDP was measured as the fructose equivalent of substrate 
incubated in the absence of a source of enzyme minus the fructose equivalent 
of the substrate-enzyme system after equivalent incubation. Incubation of 
diaphragm in the absence of FDP never yielded apparent fructose in the fluid. 

The results of a series of ten diaphragm transfer experiments, employing 
70 uM of FDP per reaction vessel, appear in Table VII. As was true in the 
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case of G-1-P, substrate disappeared and lactic acid was produced during the 


second hour of incubation in reaction vessels from which diaphragm had been 
removed at the end of the first hour. No oxygen was consumed in these vessels. 


60 10 


-I1-P Converted/1O00 mg diaphragm 





l l l 
Minutes 20 60 
Preparatory incubation 


Fic. 3. Dissimilation of glucose-1-phosphate by effluent from rat diaphragm. Diaphragm 
segments were incubated in substrate-free medium for periods indicated along the abscissa. 
The diaphragm was then removed, substrate added and incubation allowed to proceed for 
1 hour. Each point is the mean of the number of experiments indicated by the associated 
numbers. 





TABLE VII 
Dissimilation of Fructose-i ,6-Phosphate by Extracellular Effluent from Diaphragm 
(Ten experiments) 





| DIAPHRAGM PRESENT | DIAPHRAGM ABSENT | age 





FDP* consumed 18.4 + 2.40 | 16.9 + 2.81 | 0.81 


A lactic acid produced 5.23 + 0.33 3.81%0.28 | 11.54 





* Fructose-1 , 6-Phosphate. 

See text for experimental conditions. Values expressed as »M/hr/100 mg diaphragm, and repre- 
sent the mean (+ standard error) activity during the second hour of incubation in ten pairs of 
experiments. A lactic acid refers to increment in lactic acid production beyond that of endogenous 
controls. In the absence of diaphragm there was no oxygen consumption; in the presence of dia- 
phragm there was oxygen consumption which was enhanced by addition of FDP. “t”, calculated 
as indicated in Table VI, is considered to show no difference in the case of FDP consumed, but a 
highly significant difference in the case of lactic acid produced. 


The transferred diaphragm, during the second hour, was no more effective in 
dissimilation of FDP, but was significantly more effective in production of 
lactic acid, and oxygen was consumed. 
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Observation of the time-course of dissimilation of FDP indicated that the 
rate was a great deal more rapid than would appear from Table VII, since 
equilibrium was reached in about 10 minutes in the presence of diaphragm and 
in at least five minutes when the effluent was the source of enzyme. This fact 
suggested that with respect to the aldolase system the concentration of sub- 
strate may have been limiting, despite the fact that the concentration was 
chosen so as to fall within a reasonable physiological range. When the concen- 
tration of FDP was increased, an equilibrium state at about 50 per cent con- 
version of FDP was attained as rapidly as with lesser quantities of substrate 
(Fig. 4). Here again, the delay in dissimilation of substrate which occurred in 
the presence of diaphragm, compared to the more rapid onset of activity when 
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Fic. 4. Dissimilation of fructose-1 ,6-phosphate in the presence of diaphragm and by effiu- 
ent from diaphragm. Diaphragm incubated for 20 minutes in substrate-free medium, trans- 
ferred to a second reaction vessel and incubated for another 20 minutes in substrate-free 
medium, transferred to a third reaction vessel and incubated for another 20 minutes in 
substrate-free medium, and then transferred to a fourth reaction vessel. Substrate was then 
added to the four reaction vessels and the rate of reaction determined at the times indicated 
along the abscissa. Symbols: x, effluent in first reaction vessel; +, effluent in second reaction 
vessel; ©, effluent in third reaction vessel; @, remaining diaphragm. The continuous line 
indicates the rate obtained in the presence of diaphragm. 





the prepared effluent was the source of enzyme, indicated that time was re- 
quired for the passage of sufficient quantity of enzyme from the tissue to the 
medium. 

This was confirmed by measurement of the time-course of production of 
lactate from FDP (Fig. 5). Lactate appeared in the effluent more rapidly than 
it appeared in the medium in which diaphragm was suspended. It will be noted 
that, when diaphragm was present, production of lactate continued for 4 
longer time than in the effluent, suggesting either that the diaphragm was 
producing lactate from sources other than FDP or that diaphragm was able 
to dissimilate more completely intermediate products from FDP, or both. 

Comparison of Tables VI and VII provides an interesting check on the 
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analytical methods. With G-1-P as substrate, the difference between the G-1-P 
consumed and the ‘“‘hexose phosphates” produced should indicate that fraction 
of G-1-P which was dissimilated past the FDP stage in the glycolytic cycle. 
This fraction can be compared to the amount of FDP dissimilated, determined 
directly, when it was the substrate used. With G-1-P as substrate and with 
diaphragm present the difference between the rate of disappearance of G-1-P 
(49.9 uM/hr./100 mg. diaphragm) and the rate of appearance of “hexose 
phosphates” (30.0 uJ) was 19.9 uM/hr./100 mg. diaphragm. This agrees well 
with the rate of disappearance of added FDP, 18.4 uM/hr./100 mg. diaphragm. 
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Fic. 5. Time course of lactate production from fructose-1,6-phosphate by effluent and 
in the presence of diaphragm. Diaphragm incubated for 20 minutes in the absence of sub- 
strate, transferred to a second reaction vessel for 20 minutes in the absence of substrate, 
transferred to a third reaction vessel. Fructose-1,6-phosphate, 109 1M, then added to all 
reaction vessels. Symbols: x, effluent in first reaction vessel; +, effluent in second reaction 
vessel; @, remaining diaphragm. The continuous line indicates the rate obtained in the 
presence of diaphragm. 


Similar treatment of the data obtained when the extracellular effluent was the 
only source of activity reveals that the difference between G-1-P consumption 
and “hexose phosphate” production was 18.9 uM/hr./100 mg. diaphragm, in 
agreement with the rate of disappearance of added FDP, 16.9 uM/hr./100 mg. 
diaphragm. This agreement suggests that the failure of “hexose phosphates” 
and lactic acid production and oxygen consumption to account for 100 per 
cent of the G-1-P utilized (Table IV) was owing not to analytical error but to 
significant production of 3-carbon intermediates, which the methods used 
would not evaluate. 
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Mechanism of transfer of glycolytic enzymes 


It was important to determine whether or not glycolytic systems simply 
leaked by passive diffusion from the cut diaphragm into the extracellular phase. 
The following experiments indicate that the transfer of glycolytic systems to 
the extracellular phase would be difficult to explain entirely by physical 
diffusion or “leak.” It must be emphasized that the experiments to be reported 
represent only first steps in the approach to the problem. To obtain a con- 
vincing description of the processes concerned in transfer of glycolytic en- 
zymes it would be necessary to measure precisely the total quantity of these 
enzymes in the tissue and in the effluent. Unfortunately no method for such 
measurement is available. The test system is a multi-enzyme system, the 
rate-limiting factors in which remain unknown.* Nevertheless, reasonable 
efforts have been made, as will be presented, to estimate the sensitivity of the 
test system and the results, though tentative until tested by more refined 
assay methods, are sufficiently pertinent to permit reasonable speculation with 
respect to the mechanisms concerned in transfer of glycolytic enzymes. 

Effect of repeated incubation—Repeated transfer of diaphragm into fresh 
solutions should result in decreasing glycolytic activity, on the serial dilution 
principle, if leak is the explanation, provided that a significant proportion of 
total available enzyme had emerged from the tissue. With FDP as substrate 
there was no diminution in activity, even after five transfers, and the remain- 
ing diaphragm was as active as any of the extracellular effluents (Table VIII) 
and as active as diaphragm had been after a sing’e transfer (cf. Table VII). 
(See also Fig. 4.) Similarly, with G-1-P as substrate repeated transfer of 
diaphragm resulted in no loss of activity. 

Since dissimilation of FDP reached equilibrium so rapidly, it was possible 
that the aldolase activity of successive effluents from a single segment of dia- 
phragm actually did decrease progressively but that this decrease was masked 
by rapidity of equilibrium. This possibility is unlikely in the light of experi- 
ments illustrated in Fig. 6. Effluent from diaphragm was diluted with fresh 


* Using homogenates of several tissues as a source of enzyme, LePage (J. Biol. Chem., 
176: 1009, 1948) and Stoesz and LePage (J. Biol. Chem., 180: 587, 1949) have assessed net 
glycolysis in a medium designed to support optimal activity on the basis of current concepts. 
However, in their medium, as in ours, the limiting factors remain unknown. It is not possible 
to decide that the more complicated medium offers any real advantage for the purposes of 
the present study. 

Dr. Albert L. Lehninger has suggested to us that, although measurement of total glyco- 
lytic activity cannot be done at present, it is possible to isolate the activity of aldolase (cf. 
Sibley and Lehninger, J. Biol. Chem., 177: 859, 1949). It may be pointed out, however, 
that the values reported for aldolase activity (measured by rate of disappearance of sub- 
strate) in this report are at least as great as those reported by Sibley and Lehninger in rat 
skeleta! muscle. 
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that when the effluent was diluted with an equal volume of fresh medium (50 
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per cent effluent) its activity was reduced proportionately, and a 10 per cent 
effluent was completely inactive. These results demonstrate that the test 
system was capable of reflecting significant variation in the concentration of 
enzyme in effluent. 

Comparison with total extractable enzymes—If the activity of the cell-free 
effluent represented only a negligible portion of the capacity of diaphragm to 
dissimilate G-1-P or FDP at any instant, the experiments cited in Table VIII 
lose some of their force. There is, unfortunately, no completely satisfactory 
method for assessment of the absolute capacity of diaphragm to dissimilate 
hexose phosphates. Perhaps a reasonable estimate of the relative activity of 
effluents may be made by comparison of the activity of effluent with that of 
purified systems, as reported by others, and with that of homogenates of dia- 
phragm. It is to be noted that there are risks in making such comparison, that 
ignorance of differences in rate-limiting factors among diaphragm, homogenate, 
and effluent make such comparison only tentative. 

In Table [X-A the maximum activity of effluents from rat diaphragm, re- 
ported in these experiments, is compared with the activity of phosphogluco- 
mutase extracted from rabbit muscle by Najjar (5) and with the activity of 
aldolase extracted from rat muscle by Warburg and Christian (11). The phos- 
phoglucomutase activity of effluent was about one-sixth to one-third that of 
Najjar’s optimally-activated preparation, and the aldolase activity of effluent 
was greater than that found by Warburg and Christian. The ability of the 
diaphragm and of the effluent to produce lactate when G-1-P was the substrate 
is compared in Table [X-B with lactate production by rat diaphragm, observed 
by Walaas and Walaas (10), when glucose was the substrate. It may be noted 
that 6 to 10 times as much lactate was produced from G-1-P. 

The activity of effluents and of segments of diaphragm may also be compared 
to the activity of homogenates of diaphragm. For this purpose, approximately 
100 mg. of diaphragm was homogenized by means of a Potter-Elvehjem homog- 
enizer in 3.0 ml. of the solution used in the manometric experiments. At the 
completion of homogenization G-1-P was added (final concentration as in the 
manometric experiments), the system was incubated at 37° and the rate of 
disappearance of substrate determined. In two of three homogenates studied, 
the reaction was stopped at the end of 30 minutes as well as at the end of 
60 minutes. On the average, the homogenates caused disappearance of 51.3 uM | 
of G-1-P and produced 28.2 4M of other “hexose phosphates” per 100 mg. of 
diaphragm at the end of an hour. This activity is of the order of those cited 
in Tables IV and VI in which diaphragm segments or the cell-free effluents 
were the source of enzyme. The quantity of G-1-P used by the homogenates 
at the end of 30 minutes was half that used at the end of an hour. This linear 
relationship of activity with time makes it unlikely that the similar effective- 
ness of homogenate, diaphragm segment and effluent was the result of an 
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intrinsic failure of the test system to reflect varied enzyme concentration. 
Furthermore, when an aliquot of one homogenate was diluted with two volumes 
of the reaction solution there was a marked decrease in activity, indicating 
that the reaction system was sensitive to altered enzyme concentration or to 
dilution of cofactors. Thus, the homogenates appeared to have no more activity 


TABLE IX 
A. Comparison of Activity of Effluent with Optimally Activated Systems Reported by Others 





ISOLATED SYSTEMS, OPTIMALLY ACTIVATED | EFFLUENT 





Phosphoglucomutase 30 uM G-1-P per 5 minutes per 100 5 uM G-1-P per 5 minutes per 100 
mg muscle* | mg muscle 
Aldolase 544M FDP per minute per 100 mg | 320 uM FDP per minute per 100 
protein | mg muscle protein 








B. Comparison of Lactate Production (Hexose Phosphate Substrates) with that Reported by Others 
(Glucose Substrates) 





FRUCTOSE-1,6- 


oxpcoss$ PHOSPHATE 


GLUCOSE-1-PHOSPHATE 





6.1§ 3.8 
phragm 3.6 


| 
| 

Lactate produced per hour per 100 mg dia- 0.6 
23 





Lactate produced as per cent of substrate 8§ 11 
used 3 








* Najjar (loc. cit.). Activity of initial extract of rabbit muscle obtained in course of preparation 
of crystalline phosphoglucomutase. Note that Najjar reported maximum rates. After 60 per cent of 
substrate has been converted the rate is no longer linear. Activity of effluent was measured at near- 
equilibrium, approximately 90 per cent conversion (cf. Table VI). The maximum rate for the effluent 
may be calculated to have been approximately 10 uM G-1-P converted per 5 minutes, or about 
lg the rate reported by Najjar. 

+ Warburg and Christian (loc. cit.). Activity of initial extract of rat muscle obtained in course 
of preparation of crystalline aldolase. In calculating the activity of effluent (cf. Fig. 4) it was assumed 
that the protein content of diaphragm was 20 per cent of fresh tissue weight. It is certain that the 
protein content of effluent was considerably less than this figure would indicate; i.e., the activity of 
effluent per 100 mg of effluent protein must have been in excess of the value reported. 

t Walaas (loc. cit.). Rat hemidiaphragm incubated at 37° in phosphate-Ringer’s solution, pH 
7.4, containing 7.8 mM glucose (final concentration). 

§ Activity during first hour incubation in presence of diaphragm (cf. Tables II and IV). Other 
values represent activity of effluent (cf. Tables VI and VII) in presence of approximately 15 mM 
hexose phosphate (final concentration). 


with respect to G-1-P than was evident in the cell-free effluent, while the re- 
maining diaphragm segment was equally active. In this restricted sense, then, 
diaphragm segments were the ultimate source of at least twice the activity 
resident initially in the tissue. These observations are incompatible with a 
“leak” hypothesis as a full explanation of events. 

Similarly, incubation of an homogenate with FDP revealed no more activity 
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than was present in each of six serial preparations derived from a single seg- 
ment of diaphragm. 

Effect of temperature—The rate of physical diffusion is, usually, only slightly 
affected by a change in temperature. Therefore, a series of paired experiments 
were performed in which preparatory incubation and serial transfer of dia- 
phragm proceeded at 37° and at a lower temperature. At the end of these 
preparatory incubation periods substrate was added to all the flasks and all 
the reaction vessels were incubated for one hour at 37°. The cell-free systems 
prepared at lower temperatures were only slightly active (Table X) but the 
residual diaphragm segments were at least as active as those prepared at 37°. 

Evidence that transfer occurs through “intact” muscle fibers—It was of in- 
terest to know whether transfer of enzymes occurred exclusively at the four 


TABLE X 


Influence of Temperature on Appearance of Active Extracellular Effiuent from Diaphragm 
(Paired Experiments) 





RELATIVE ACTIVITY 
PREPARATORY INCUBATION | 





37°/17° | 37°/7° 





G-1-P | 0-60 | a 6.8 


FDP 0-20 


2. 3.4 
20-40 2. 5.5 


3 
3 1 





Segments of diaphragm were incubated in the absence of substrate for the periods indicated 
(preparatory incubation) at 37° and at 17°, or at 37° and at 7°. At the end of these periods the 
diaphragm was removed, substrate was added, and the reaction was allowed to proceed for one 
hour at 37°. Relative activity refers to the activity of preparations obtained at 37° divided by that 
of preparation obtained at the indicated lower temperature. When glucose-1-phosphate (G-1-P) 
was the substrate, activity was measured as the appearance of reducing substances not requiring 
hydrolysis. When fructose-1,6-phosphate (FDP) was the substrate, activity was measured 1s the 
disappearance of substrate. Predicted relative activity for molecular diffusion is approximately 1.7 
at 37°/17° and 2.3 at 37°/7°, using the Einstein diffusion equation. 


cut-surfaces of each segment of diaphragm or over the total surface of the 
tissue. Direct experiment was not possible since diaphragm could not be re- 
moved from the animal without transection of muscle fibers at some point. 
However, the area of the four cut-surfaces could be estimated, and it was 
possible to deduce that the rate of dissimilation of glucose-1-phosphate was 
directly proportional to the mass or total surface of the diaphragm and not 
to the cut-surface area. 

The problem was attacked directly by employing another muscle. The an- 
terior gracilis muscle of the rat is a ribbon-like muscle with well-defined tendi- 
nous attachments. Two rats were anesthetized by means of sodium pento- 
barbital injected intra-peritoneally. Under the dissecting microscope, the left 
anterior gracilis was freed, its tendons cut, and finally the blood vessels were 
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severed. The muscle was weighed on a torsion balance and immediately placed 
in reaction vessels containing the electrolyte solution employed in the experi- 
ments with diaphragm. After incubation at 37° for one hour (in oxygen), 
the muscles were transferred to a second reaction vessel. In one experiment, 
glucose-1-phosphate was added to both reaction vessels, incubation proceeded 
for a second hour, the reaction was stopped and determinations were made of 
the amount of glucose-1-phosphate used and of the amount of lactic acid pro- 
duced. 12 to 16 uM of glucose-i-phosphate were dissimilated and 4 uM of 
lactic acid produced per 100 mg. of muscle. In the second experiment, after 
one hour of incubation in the electrolyte medium, the muscle was removed 
and quartered. The four portions were placed in a second reaction vessel and 
incubated for an hour. At the end of this hour the muscle was removed, and 
glucose-1-phosphate was added to both reaction vessels, one containing the 
effluent from intact muscle, the other containing effluent from cut muscle. 
The effluent from intact muscle was actually more effective than was the 
effluent from the cut muscle; 29 4M of glucose-1-phosphate were dissimilated 
per 100 mg. of muscle per hour and 7 uM of lactic acid were produced by 
effluent from intact muscle, compared to 13 uM and 2 uM, respectively, per 
100 mg. of muscle per hour, by effluent from the same muscle after it had been 
transected. 

It is concluded that the presence of cut muscle surfaces is uot essential for 
transfer to the extracellular phase of the enzyme systems under study. 


DISCUSSION 


The experiments reported here demonstrate that segments of diaphragm 
are capable of dissimilating G-1-P and FDP, molecules to which the mam- 
malian and amphibian muscle cell has been said to be ordinarily impermeable. 
The rates of dissimilation were considerable and comparable to those observed 
in homogenates of diaphragm and to those reported for crystalline phospho- 
glucomutase and aldolase derived from skeletal muscle. Comparison of activity 
may also be made with that reported by others who employed rat diaphragm 
with glucose as a substrate. The production of lactate from glucose under 
these conditions has been studied particularly by Walaas and Walaas (10) 
who found only about one-tenth as much lactate formed from glucose as was 
formed from comparable amounts of G-1-P or FDP in the experiments reported 
herein, suggesting that the degree of dissimilation of G-1-P and of FDP ob- 
served in these experiments is greater than that which has been considered to 
occur during intermediate metabolism within the diaphragm when glucose, as 
the substrate, has entered the cell, presumably as glucose-6-phosphate. 

Direct experiment showed that the reaction proceeded, in the main, outside 
the cell. By preliminary incubation of diaphragm it was possible to demonstrate 
that dissimilation of G-1-P and of FDP proceeded outside the tissue down 
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through production of lactate, although no oxygen was consumed in the ab- 
sence of tissue. 

These observations are of interest because they suggest that significant 
phases of intermediate carbohydrate metabolism occur in the external medium 
during the course of incubation of rat diaphragm under experimental condi- 
tions similar to those in which this tissue is widely used. From this point of 
view the observation loses none of its applicability even if it should be nothing 
more than the result of simple physical leak of enzymes from traumatized 
dying tissue. 

However, there is evidence that enzymes did not appear in the medium 
simply as a result of physical leak, such as might occur from a ruptured sac 
containing a static reservoir of enzymes. In the first place, it does not appear 
likely that enzymes emerged into the medium solely as the result of cutting 
fibers of the diaphragm. The results could be reproduced when intact muscle, 
the anterior gracilis, was substituted for diaphragm. Furthermore, there was 
no decrement in activity of successive effluents derived from repeated incuba- 
tion of a single segment of diaphragm, an unexpected event if one were simply 
washing off enzyme from an outer traumatized layer of tissue. 

In the second place, it is entirely possible that the diaphragm was not a 
static reservoir of pre-formed enzyme. With each successive incubation of a 
single segment of diaphragm it was possible to demonstrate activity approxi- 
mately equal to that of homogenates of diaphragm, so that the ultimate 
activity derived from a single segment of diaphragm was as much as five times 
greater than the activity present initially in the diaphragm, as measured by 
this technique. This suggests either that the test system was insensitive or 
that the diaphragm replenished those enzymes lost to the extracellular phase. 
However, the test system in these experiments was not insensitive to varia- 
tion in enzyme concentration since dilution of the cell-free effluent resulted in 
appropriate variation in enzyme activity. 

On the other hand, it is entirely possible that the tissue did replenish its 
enzyme systems, either by synthesis from simpler structures or from hypo- 
thetical proenzymes. If replenishment did occur, all the data may be inter- 
preted on the basis of replenishment plus diffusion. Thus, the similar activity 
of effluents obtained by seria! transfer from a single diaphragm segment may 
have been the result of simple diffusion from a segment of tissue which was 
able to maintain a relatively constant internal concentration of enzyme. The 
effect of lower temperature on the transfer phenomenon, then, may have been 
owing to a possible slower rate of replenishment as a result of which less en- 
zyme was available for diffusion from the tissue. Thus, even if enzyme systems 
emerged from the diaphragm by simple diffusion, an additional hypothesis 
(e.g., replenishment) is required for full description of the data. 
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SUMMARY 


Segments of diaphragm and intact anterior gracilis muscles from normal 
rats were capable of dissimilating glucose-1-phosphate or fructose-1 ,6-phos- 
phate added in vitro, despite the fact that these molecules have been considered 
not to penetrate the cell. Glycolysis occurred because an entire glycolytic en- 
zyme system was transferred from the diaphragm to the extracellular phase 
under circumstances similar to those in which rat diaphragm has been em- 
ployed as a tool for the study of carbohydrate metabolism. Dissimilaticn of 
hexose phosphate substrates, even in the presence of muscle tissue, occurred 
largely, if not entirely, in the medium and not in the cells. Incidental to this 
study were observations suggesting that isolated rat diaphragm was capable 
of replenishing its glycolytic enzymes. 
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INTRODUCTION 


This is the first of three papers in which are reported the results of studies 
designed to define the site or sites of action of a-tocopheryl phosphate on the 
metabolism of skeletal muscle. 

The remote stimulus to these efforts was the original observation of Goettsch 
and Pappenheimer that in a number of animals deprived of dietary vitamin E 
there develops a profound dystrophy of skeletal muscle (4). The mechanism 
responsible for this disturbance is unexplained, but it has been observed that 
it is accompanied by accelerated oxygen consumption in the intact animal and 
in isolated skeletal muscle (12). Conversely, disodium D,L-a-tocopheryl phos- 
phate (a-TPh), a relatively water soluble derivative of tocopherol, produces, 
when administered to rats, a reduction in basal oxygen consumption in the 
intact animal and a reduction in endogenous oxygen consumption of isolated 
diaphragm but not of liver (13). Since respiration in muscle is largely associated 
with glycogenolysis, it was suggested that the effect of a-TPh responsible for 
decreased oxygen consumption might be found in a phase of carbohydrate 
consumption. Observations leading to a localization of a site of action of a- 
TPh form the content of these reports. A summary of the evidence appears 
at the conclusion of the third paper of this series. 

It is the purpose of this report to present observations on the effect of a-TPh 
upon glycogenolysis induced by epinephrine. Epinephrine, according to current 
concepts, accelerates glycogenolysis in both liver and muscle by driving the 
phosphorylase step in the direction of glucose-i-phosphate (11). The end result 
may be considered an increase in the concentration of blood glucose, derived 
from hepatic glycogenolysis, and an increase in the concentration of blood lactic 
acid, derived from glycogenolysis in skeletal muscle (2). At the same time the 
concentration of glycogen in both liver and muscle diminishes, but, after an 
hour or so, there occurs appreciable resynthesis of liver glycogen, presumably 


1 Aided by a contract between the Office of Naval Research, Department of the Navy, 
and the Johns Hopkins University (NR 113-241). 
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from lactic acid (3). If a-TPh suppresses glycogenolysis in muscle, but not in 
liver, injection of epinephrine in an animal pre-treated with a-TPh might be 
expected to produce hyperglycemia but not the usual epinephrine hyperlact- 
acidemia. As a consequence of failure of lactic acid production, resynthesis of 
liver glycogen might be inadequate so that the concentration of glycogen in 
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Fic. 1. Effect of a-TPh on concentration of blood glucose and lactate. ‘The vitamin was 
injected at 0 minutes. 





liver might be less in animals pre-treated with a-TPh than in those receiving 
only epinephrine. 


METHODS 


Non-fasted female Whelan rats, weighing about 200 g., were anesthetized with sodium 
pentobarbital. Throughout the two-hour period of observation the rats breathed 100 per cent 
oxygen administered by a funnel placed over the snout. The rats were divided into two 
groups. One group (a-TPh-treated) received intraperitoneally 10 mg. of a-TPh per 100 g. 
body weight as a 6 per cent aqueous solution. Thirty minutes later the rats received, per 
100 g., 0.025 mg. of epinephrine hydrochloride (1:1000 solution, Winthrop) subcutaneously. 
A second group (control) received no a-TPh, but received the same dose of epinephrine. 

From five a-TPh-treated and five control rats approximately 0.5 ml. of blood was collected 
at 30-minute intervals from a carotid artery through an indwelling polyethylene catheter. 
Blood samples were diluted immediately with water to effect hemolvsis and protein was 
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precipitated by the Ba(OH)2-ZnSO, method (9). Supernants were analyzed for glucose by 
the method of Nelson (9) and for lactic acid by the method of Barker and Summerson (1), 
As soon as the fourth blood sample was obtained, 60 minutes after administration of epi- 
nephrine, a segment of liver (approximately 1 g.) was removed and a gastrocnemius muscle 
wasexcised. These tissues were weighed rapidly on a torsion balance and plunged immediately 
into hot 20 per cent KOH. Tissue glycogen was determined by the method of Good, Kramer, 
and Somogyi (5). Included in the report of tissue analyses are data from additional rats who 


were treated similarly, except that the carotid artery was not exposed and blood samples 
were not obtained. 


TABLE I 
Effect of a-T Ph on Response of Blood Glucose and Lactic Acid to Epinephrine 





TIME CONTROL (5 RATS) | aTPh (5 Rats) | 


| 


min. mg./100 ml. mg./100 ml. 
Increase in lactic acid concentra- | 144.142.6 | 3.5+2.0 | P = 0.01 
tion 60 18.3 + 2.6 7.3242.7 | P = 0.01 








| 


Increase in glucose concentration 96 + 17 81+15 | 0.6>P>0.5 
60 1324223 | 1174211 | 06>P>0.5 





Time refers to minutes after administration of epinephrine. Controls received only epinephrine. 
a-TPh group received a-TPh followed in 30 minutes by epinephrine. Data represent the increase 
(mean + S.E.) in concentration (mg. of lactic acid or of glucose per 100 ml. whole blood) referred 
to the concentration immediately prior to administration of epinephrine. P, calculated by the / 
test, is the probability that the difference between the means occurred by chance. 


TABLE II 
Relative Effect of Epinephrine and of a-TPh Plus Epinephrine on Tissue Glycogen Concentration 





GROUP | NO. OF RATS MUSCLE GLYCOGEN | NO. OF RATS LIVER GLYCOGEN 





mg./g. mg./g- 

| 1.92 £0.34 | 13 | 26.7 + 3.69 

| 2.78 + 0.38 10 

| 0.2>P>0.1 | 0.05 > P > 0.02 


14.5 + 3.66 





Controls received only epinephrine. a-TPh group received a-TPh followed by epinephrine. Tissue 
concentrations are expressed as mg. of glycogen (mean-t S.E.) per g. of tissue wet weight. P, calcu- 
lated by the # test, is the probability that the difference between the means occurred by chance. 


Preliminary experiments in two rats established that the concentration of lactic acid and 
of glucose were virtually constant throughout the experimental period when rats received 
only sodium pentobarbital and oxygen. In the absence of administered oxygen, a-TPh 
produced cyanosis during which arterial oxygen content was reduced to 60 per cent of 
capacity, accompanied by marked hyperlactacidemia and definite hyperglycemia. However, 
when oxygen was administered a-TPh did not produce cyanosis, arterial blood was com- 
pletely saturated with oxygen, and blood lactic acid concentration was stable, but there was 
an early, non-progressive increase in blood glucose concentration (Fig. 1). 


RESULTS 


a-TPh prevented, in large part, the hyperlactacidemia that accompanied 
administration of epinephrine alone (Table I, Fig. 2). This effect cannot be 
attributed to defective absorption of epinephrine from the site of subcutaneous 
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Fic. 2. Prevention of epinephrine-induced hyperlactacidemia by a-TPh. a-TPh injected 
at —30 minutes; epinephrine injected at 0 minutes. Experimental points represent absolute 
changes in concentration referred to the concentration at 0 minutes. 
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injection since the hyperglycemic response to epinephrine was unmodified by 
prior exhibition of a-TPh (Table I, Fig. 3). Concentration of glycogen in liver 
was less in rats pre-treated with a-TPh, but no significant difference in muscle 
glycogen concentration was detectable (Table IT). 


DISCUSSION 


The results are consonant with the hypothesis offered in the introduction. 
It is well-established that lactic acid in muscle comes into rapid equilibrium 
with that in blood (10), so that the rise in muscle lactic acid concentration 
may be assumed to have been significantly less in a-TPh pre-treated rats, 
Since lactic acid is an end-product of carbohydrate metabolism in mammalian 
skeletal muscle, its low concentration in the blood of a-TPh pre-treated rats 
almost certainly reflects a low rate of production in muscle. Indeed, if this were 
not so, it would have to be postulated that lactic acid was abstracted from 
blood at an unusually rapid rate, either by excretion in the urine or by tissues 
(liver and heart, chiefly) for which lactic acid is a substrate. However, if reason- 
able assumptions are made concerning the rate of blood flow to liver and to 
kidney, it can be calculated that even if either of these tissues abstracted com- 
pletely all the lactic acid from blood in transit through them the differences 
illustrated in Fig. 2 remain too great to be explained in this way. 

The immediate precursor of lactic acid in skeletal muscle is pyruvic acid. 
Although pyruvate was not determined in this study, nevertheless the observa- 
tions do not support the possibility that a defect lay in the pyruvate-lactate 
step. A defect at this level would not account alone for the reduction in oxygen 
consumption which was observed experimentally. With respect to the initial 
events in muscle glycogenolysis, a-TPh exerted no effect at the level of phos- 
phorylase, insofar as the concentration of glycogen is a measure. 

Evidence at hand suggests that a-TPh reduces oxygen consumption in 
skeletal muscle by limiting the availability of carbohydrate substrate for 
oxidation. It is suggested that this effect is exerted below the phosphorylase 
step and above the lactic dehydrogenase step. 

The accelerated oxygen consumption of muscle from animals depleted of 
tocopherol (12), and the suppression of oxygen consumption of muscle from 
animals receiving large doses of a-TPh (13), together have indicated the 
probability that tocopherol modulates the rates of oxidation in muscle by either 
direct or indirect means. The observations reported here suggest that tocopherol 
may play an intimate natural role as one of the factors which regulate transfer 
of energy in muscle. In this instance regulation would be effected by controlling 
the availability of carbohydrate substrate for oxidation. These implications 
rest on the reasonable but unproved assumption that the actions of a-TPh 
can be equated to those of naturally occurring free tocopherols. The evidence 
on which this assumption is based follows: 1) a-TPh, administered by par- 
enteral routes erases the manifestations of tocopherol depletion (6, 8), and 2) 
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administration of a-TPh by either oral or parenteral routes is followed by a 
rise in concentration of free tocopherol in the blood. (7). 


SUMMARY 


In rats pre-treated with a-tocopheryl phosphate, administration of epineph- 
rine failed to provoke the degree of hyperlactacidemia produced ordinarily in 
response to epinephrine. The hyperglycemic response to epinephrine was 
unmodified by pre-treatment with a-TPh. Liver glycogen was lower after 
a-TPh and epinephrine than after epinephrine alone, probably owing to inade- 
quate supply of lactate for resynthesis. It is concluded that a-TPh suppresses 
glycogenolysis in skeletal muscle. 
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Administration of di-sodium DL-a-tocopheryl phosphate (a-TPh) produced 
a reduction in basal oxygen consumption in the intact rat which was associated 
with decreased rate of endogenous respiration in isolated skeletal muscle (8). 
It was suspected that oxygen consumption was reduced as the result of limited 
availability of carbohydrate substrate. Support for this suspicion was found in 
the observation that when glycogenolysis was stimulated by epinephrine, pre- 
treatment of the rat with a-TPh prevented, in large part, the anticipated in- 
crease in concentration of blood lactic acid. The observed concentrations 
of glycogen in the muscle of these experimental animals suggested that a-TPh 
exerted its effect on glycogenolysis in skeletal muscle at a phase below the 


phosphorylase step but above the lactic dehydrogenase step (10). These 
studies have been extended to include observation of the effect of a-TPh, 
administered to the intact rat, on the capacity of its isolated diaphragm to 
dissimilate specific intermediates of carbohydrate metabolism. The results 
confirm the fact that a-TPh interferes with glycogenolysis in striated muscle 
and indicate that the predominant effect is probably at the level of the phospho- 
glucomutase step. 


METHODS 


Male albino rats, Sherman strain, weighing from 250 to 300 g., received intraperitoneally, 
as a 10 per cent aqueous solution, 10 mg. of a-TPh per 100 g. body weight. Thirty to forty 
minutes later the rats were decapitated, the diaphragm removed, and four segments of 
diaphragm weighing about 100 mg. each were weighed on a torsion balance and placed im- 
mediately in chilled Warburg respirometer flasks containing 3.0 ml. of solution having the 
following composition: 0.05 M potassium phosphate, pH 7.4, 0.0183 M MgCl, 0.051 M 
NaCl. All concentrations are final concentrations. Substrate, when present, was calculated to 
provide about 50 uM of hexose per reaction vessel. The exact amount was determined in 
each experiment by analysis of reaction vessels containing no tissue. The unusual composition 





1 Aided by a contract between the Office of Naval Research, Department of the Navy, 
and the Johns Hopkins University (NR 113-241), and by a grant-in-aid from the Committee 
on Therapeutic Research of the Counc:' on Pharmacy and Chemistry, American Medical 
Association. 
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of the medium was developed empirically; with it, among several media tested, dissimilation 
of glucose-1-phosphate by normal diaphragm was greatest. It may be noted that the medium 
is virtually isosmotic (297 m osM/1). Diaphragm segments from a paired control (uninjected 
rat) were included in each experiment. The injected rat was the first of the pair decapitated 
in alternate experiments, with an accidental exception that occurred once during the first 
series of ten experiments. 

Substrates were the potassium salt of glucose-i-phosphate, the magnesium salt of fruc- 
tose-1 ,6-phosphate, or the potassium salt of glucose-6-phosphate (converted from the barium 
salt). These products were purchased on the open market (Schwarz Laboratories, Inc., 
New York City) and were not further purified. Analysis of each lot indicated that the purity 
of the glucose-1- and fructose-1, 6-phosphates was about 95 per cent, and the glucose-6- 
phosphate was about 90 per cent pure. 

Oxygen consumption of diaphragm was measured manometrically in a conventional 
Warburg respirometer. At the completion of the manometric portion of the experiment the 
reaction was stopped by precipitation of protein. This was accomplished by pipetting 2 ml. 
of the contents of the Warburg flask into 0.25 ml. of 3 NW H,SO, and adding 0.25 ml. of 10 
per cent NazWQ,. The further scheme of analysis depended on the substrate. 

When glucose-1-phosphate was substrate, supernants were analyzed for remaining glu- 
cose-1-phosphate, for hexose-phosphates formed as a result of dissimilation of glucose-1- 
phosphate, and for lactate by the method of Barker and Summerson (1). Reducing activity 
before hydrolysis, by the glucose method of Nelson (4), was considered a measure of hexose 
phosphates produced. This fraction, referred to hereafter as “‘hexose phosphates,”’ was shown 
in preliminary experiments to consist of a mixture of glucose-6-phosphate, fructose-6-phos- 
phate, and fructose-1,6-phosphate, quantitative fractionation of which was unsuccessful. 
A sample of supernant was hydrolyzed for seven minutes at 100° in 1 N HCI; the increment 


in reducing activity was considered to represent glucose-1-phosphate remaining in the re- 
action vessel. 


When fructose-1,6-phosphate was substrate, supernants were analyzed for remaining 
keto-hexose by the fructose method of Roe (5) and for lactic acid. 

When glucose-6-phosphate was substrate, two aliquots of supernant were analyzed. In 
one, reducing activity was determined directly. The other aliquot was oxidized by bromine 
in sodium benzoate, pH 7.15. This procedure, in preliminary tests, converted 96 per cent of 
glucose-6-phosphate to phosphogluconic acid without appreciable oxidation of ketose. The 
difference between the reducing activity of the two aliquots was therefore a measure of 
glucose-6-phosphate remaining in the reaction vessel. 

In preliminary tests, employing normal diaphragm, more elaborate analysis indicated 
that the reaction was always driven downhill. Thus, when glucose-1-phosphate was sub- 
strate, glycogen was not formed (measured by method of Good, Kramer and Somogyi (2)); 
when glucose-6-phosphate was substrate, no glucose-1-phosphate was detectable; when 
fructose-1,6-phosphate was substrate, no fructose-6-phosphate appeared (measured by 
absence of fructose in “barium-soluble” fraction (3)). 

Whenever glucose-1-phosphate or fructose-1,6-phosphate was the substrate, two of the 
four segments from each diaphragm were incubated in medium containing substrate while 
the remaining two segments were incubated only in the inorganic solution previously de- 
scribed. Activity of these latter segments is referred to as endogenous. For each diaphragm 
the average analytical result obtained by measurement of endogenous metabolism was sub- 
tracted from the average analytical result obtained in those flasks in which substrate was 
present; this difference is referred to as A oxygen consumed or as A lactate produced. No 


reducing activity and no ketose was found at any time in flasks to which substrate had not 
been added. 
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RESULTS 


Effect of a-T Ph on dissimilation of glucose-1-phosphate; immediate incubation, 
In 10 pairs of rats, segments of diaphragm were incubated immediately with 
glucose-i-phosphate. Results appear in Table I. No difference was detectable 
in the rate of dissimilation of glucose-1-phosphate or in the rate of production 
of “hexose phosphates” when control rats were compared with those injected 
with a-TPh. However, the A oxygen consumed and the A lactate produced 
(metabolism in presence of substrate minus endogenous metabolism) were 

TABLE I 


Effect of «-Tocopheryl Phosphate on Dissimilation of Glucose-1-Phosphate by Rat Diaphragm During 
First Hour of Incubation 





CONTROL a-TPh 
pM /or uM /br 





Glucose-1-phosphate consumed | 37.0 35.2 
+6.5 +5.7 


“‘Hexose phosphate” produced | 22.9 21.3 
+3.7 +3.1 








Total lactate produced 8.13 ai 
+0.61 +0. 


A lactate produced 5.98 J 0.93 
+0.55 +0.369 


Total oxygen consumed 4.38 ‘ | 0.25 
+0.081 . +0.225 





A oxygen consumed 0.61 | 0.29 


| | | <0.02 
40.121 | 40.102 | 40.113 | 





Rates are referred to 100 mg. of diaphragm, wet weight, and the data represent the mean + 
standard error. Ten pairs of rats were employed. Statistical analysis depended on “‘t”’ test of the 
difference between paired observations. P is the probability that the observed differences occurred 
by chance. Total lactate produced and total oxygen consumed refer to activity in the presence of 
substrate. A lactate produced and A oxygen consumed are the differences between total activity 
and endogenous activity. 


significantly greater in control rats than in a-TPh-injected rats. Analysis of 
the time course of oxygen consumption showed that the presence of substrate 
resulted in no increase in oxygen consumption beyond that of endogenous 
activity during the first 20 minutes of incubation in either control or injected 
rats. The A oxygen consumption in both groups of rats was most marked during 
the last 20 minutes of the incubation period. Nevertheless, the depression of 
oxygen consumption in a-TPh-injected rats occurred almost entirely during 
the last 20 minutes (Fig. 1). This observation suggested that the effect of 
a-TPh might be more apparent if incubation were continued for a second hour. 
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Effect of a-TPh on dissimilation of hexose phosphates; delayed incubation. 
In a second series of experiments diaphragm segments from control and from 
a-TPh injected rats were incubated for one hour at 37° in reaction vessels 
containing only the inorganic solution in an atmosphere of 100 per cent oxygen. 
At the end of one hour all segments were transferred to fresh flasks, half con- 
taining only the inorganic solution and half containing this plus glucose-1- 
phosphate. Incubation, in an atmosphere of 100 per cent oxygen, continued 
for a second hour, at the end of which the reaction was stopped by precipitation 
of protein. 
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Fic. 1. Effect of a-TPh on A oxygen consumption (difference between oxygen consump- 
tion in the presence of and absence of glucose-1-phosphate). The experimental blocks repre- 
sent the quantity of A oxygen consumed during 20 minutes; they do not represent cumulative 
oxygen consumption. Each block is the mean of 10 experiments. 


Results in 10 pairs of experiments appear in Table II. Diaphragms from rats 
injected with a-TPh caused disappearance of less glucose-1-phosphate and 
produced less “hexose phosphate”’ and less lactate than diaphragms from con- 
trol rats. It may be noted that preliminary incubation of diaphragm had no 
adverse effect on the ability of the tissue to dissimilate glucose-1-phosphate. 
Comparison of Tables I and II indicates that diaphragm from control rats was 
more effective in causing disappearance of substrate and production of “hexose 
phosphates” after preliminary incubation than when diaphragm and substrate 
were incubated together immediately. Diaphragm from a-TPh injected rats, 
however, consumed exactly as much glucose-1-phosphate and produced ex- 
actly as much “hexose phosphates” under the two experimental conditions. 
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In every case, in both control and a-TPh injected rats, whether incubation of 
diaphragm and substrate was immediate or delayed, the “hexose phosphate” 
fraction represented about 60 per cent of the reducing activity of the glucose-1- 
phosphate dissimilated. 

The observations recorded in Table II indicate that the effect of a-TPh was 
exerted above the aldolase step (fructose-1,6-phosphate = triose phosphate) 
and probably at the phosphoglucomutase step (glucose-1-phosphate = glucose- 
6-phosphate). This conclusion was confirmed by direct test of the ability of 

TABLE II 


Effect of a-Tocopheryl Phosphate on Dissimilation of Glucose-1-Phosphate by Rat Diaphragm During 
Second Hour of Incubation 





| | 
CONTROL a-TPh | DIFFERENCE 
uM /hr pM /hr uM /hr 





Glucose-1-phosphate consumed| 49.9 33.9 | 16.0 0.0006 


+3.60 (| +3.08 +4.7 
“‘Hexose phosphate” produced | 30.0 20.9 9.1 | <0.05 
| 3.65 £2.61 | $4.48 | 
| | | 
A lactate produced | 2.38 | 1.18 | 
+0.29 | +0.155 | 


1.20 | 0.0003 
+0.332 





Data, referred to 100 mg. of diaphragm, wet weight, represent the mean + standard error in 10 
pairs of rats. P is the probability, based on the “‘t”’ test, that the observed differences occurred by 
chance. 


TABLE III 
Effect of a-Tocopheryl Phosphate on Dissimilation of Fructose-1,6-Phosphate and of 
Glucose-6-Phos phate by Rat Diaphragm During Second Hour of Incubation 








| SUBSTRATE CONSUMED LACTATE PRODUCED 
| 
| 


Control | a-TPh Control a-TPh 
uM /br pM /br uM /br pM /br 





Fructose-1,6-phosphate | 18.4 + 2.4 | 18.1 + 2.4 | 5.23 + 0.327 | 4.82 + 0.254 
Glucose-6-phosphate | 13.0 + 1.8} 14.141.2 | 


| 








Data, referred to 100 mg. of diaphragm, wet weight, represent the mean + standard error. 
Based on the “t”’ test, the observed differences occurred by chance. 


diaphragm to dissimilate fructose-1,6- and glucose-6-phosphate. Experimental 
conditions were similar to those described in the previous paragraph; i-., 
diaphragm segments were incubated in the absence of substrate and then 
transferred to fresh reaction vessels containing substrate. 

Results appear in Table III. There was no difference between diaphragms 
from control and from a-TPh injected rats with respect to their ability of 


dissimilate glucose-6-phosphate or fructose-1,6-phosphate, or to form lactate 
from the latter substrate. 
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Effect of a-TPh om dissimilation of glucose-1-phosphate by effluent from rat 
diaphragm. It has been demonstrated that, under the conditions of these 
experiments, dissimilation of hexose phosphates by diaphragm is accomplished 
largely in the external medium and not in the tissue; that is, appropriate 
enzymes move from the diaphragm to the medium (9). The glycolytic enzyme 
prepared by incubating rat diaphragm in a substrate-free medium has been 
referred to as the effluent from rat diaphragm (9). 

Diaphragm segments from control and from a-TPh-injected rats were in- 
cubated for one hour at 37° in reaction vessels containing only the inorganic 
solution in an atmosphere of 100 per cent oxygen. At the end of one hour the 
diaphragm segments were removed and glucose-1-phosphate was added to the 
reaction vessels. Incubation, in an atmosphere of 100 per cent oxygen, con- 


TABLE IV 
Effect of «-Tocopheryl Phosphate on Dissimilation of Glucose-1-Phos phate by Effiuent from 
Rat Diaphragm 





CONTROL a-TPh 
uM /br uM /br 





Glucose-1-phosphate consumed 57.3 é 8.2 0.3 
+7.0 : +8.0 


“Hexose phosphate” produced 38.4 . 9.0 0.1 
+4.6 ‘ +4.9 
4 lactate produced 3.6 0.4 
+0.5 














0.5 
+0.6 





Data, referred to 100 mg. of diaphragm, wet weight, from which the effluent was formed, represent 
the mean + standard error in 10 pairs of rats. P, the probability based on the “t” test, indicates 
that the observed differences occurred by chance. 


tinued for a second hour, at the end of which the reaction was stopped by 
precipitation of protein. 

Results in 10 pairs of experiments appear in Table IV. It should be noted that 
these data were obtained by the use of effluents from the diaphragms whose 
activity is recorded in Table II. When the effluent was the only source of en- 
zyme, no differences were detectable in the rate of disappearance of glucose-1- 
phosphate, in the rate of formation of “hexose phosphates,”’ or in the rate of 
production of lactate, when the activity of effluents from control and from 
injected rats are compared. 


DISCUSSION 


The effect of administration of a-TPh on the capacity of isolated rat dia- 
phragm to dissimilate glucose-1-phosphate has been studied in three sets of 
experimental conditions: (a) tissue and substrate were incubated together for 
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one hour (immediate incubation), (b) tissue was incubated in the absence of 


substrate for one hour and then transferred to fresh reaction vessels containing ; 


substrate (delayed incubation), and (c) the effluent, resulting fror --reliminary 
incubation of tissue in the absence of substrate, was incubated v' _ substrate, 
It has been demonstrated that at least the early phases of d’ _ ailation of 
glucose-1-phosphate by isolated rat diaphragm occur in the ex.. al medium 
and not in the tissue; that is, appropriate enzymes move from the diaphragm 
to the medium (9). The resulting effluent is capable of dissimilating glucose-I- 
phosphate down to lactate but it does not cause consumption of oxygen nor 
does it long maintain production of lactate in the absence of diaphragm. With 
these exceptions—a quantitative difference in lactate production and absence 
of oxygen consumption—immediate incubation of tissue and substrate and 
incubation of effluent and substrate measure essentially the same phenomena 
in that the early phases in dissimilation of glucose-i-phosphate occur in both 
sets of experiments as the result of effluent formed during the first hour of 
incubation. It is not surprising, then, that in these two sets of experiments the 
results were the same: a-TPh did not influence the rate of disappearance of 
glucose-1-phosphate nor the rate of formation of other “hexose phosphates” 
from the early phases of dissimilation of glucose-1-phosphate. 

In the remaining set of experiments incubation of tissue and substrate was 
delayed. Under these circumstances the early phases of dissimilation of glucose- 
1-phosphate occurred in the medium as the result of effluent formed during 
the second hour of incubation. In this case the effect of a-TPh was striking; 
there was inhibition of the rate of disappearance of glucose-1-phosphate and 
of the rate of formation of other “hexose phosphates” and of lactate from 
glucose-1-phosphate. Under the same conditions administration of a-TPh 
failed to modify the rate of disappearance of glucose-6-phosphate or of fruc- 


tose-1,6-phosphate or the rate of production of lactate from fructose-1,6 | 
phosphate. The results of experiments employing the technique of delayed | 


incubation indicate that, in this particular test system, administration of 
a-TPh inhibits glycolysis at the level of the phosphoglucomutase system. 

Analysis of the kinetics of movement of enzyme from diaphragm to medium 
has suggested that normal diaphragm may replenish its internal concentration 
of enzyme lost to the surrounding medium (9). Therefore, apparent inhibition 
of phosphoglucomutase activity by administration of a-TPh may have occurred 
at one or more of three sites: the phosphoglucomutase system may have been 
inhibited, movement of enzyme from diaphragm to medium may have beet 
retarded, or the presumed replenishment of enzyme within the diaphragm 
may have been defective. 

The first two of these possibilities must be considered as a unit since the 
experimental method cannot distinguish between the rate of emergence of 
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enzyme from the tissue and the enzymatic activity of the resulting effluent. 
Since administration of a-TPh did not appear to modify phosphoglucomutase 
activity during immediate incubation of tissue and substrate nor during 
incubation of effluent and substrate it is unlikely that these two mechanisms 
represent the effect of a-TPh, observed during delayed incubation. The data 
can be interpreted by the third proposed mechanism: as the result of adminis- 
tration of a-TPh rat diaphragm may have been unable to replenish adequately 
the phosphoglucomutase components it lost to the medium. The requirements 
for replenishment of this system are completely unknown, but they might 
reasonably be assumed to be related to synthesis of particular proteins. 

It is unlikely that all the reported effects of a-TPh or of vitamin E or of 
vitamin E-deficiency can be ascribed to alteration of phosphoglucomutase 
activity. However, if the effects of a-TPh represent those of vitamin E, it is 
possible to harmonize several scattered observations by the suggestion that 
vitamin E exerts its effect chiefly by modifying the velocity of synthesis or of 
destruction of certain proteins. Young and Dinning (6), for example, have found 
deranged nucleic acid metabolism in vitamin E-deficient rabbits, with evidence 
suggesting that the turnover rate of nucleic acid is accelerated in vitamin E 
deficiency, especially in muscle. The familiar microscopic lesions of nutritional 
muscular dystrophy, produced by dietary deficiency of vitamin E, are compati- 
ble with the suggestion that synthesis of the chief structural component of 
muscle, the contractile proteins, is faulty. Finally, in harmony with this specu- 
lation is the observation that administration of a-TPh prevents the formation 
of fibrin from thrombin and fibrinogen (7). 


SUMMARY 


In particular test systems, isolated diaphragms from rats injected with 
a-tocopheryl phosphate were less effective than normal in dissimilation of 
glucose-1-phosphate, but not of glucose-6-phosphate or of fructose-1 ,6-phos- 
phate. These observations suggest strongly that a-tocopheryl phosphate ex- 
erted its effect on glycogenolysis at the level of phosphoglucomutase. 
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It has been shown that administration of di-sodium D, L-a-tocophery] phos- 
phate ( a-TPh) reduces both basal oxygen consumption of the intact rat and 
endogenous oxygen consumption in the isolated rat diaphragm (6). Studies, 
designed to investigate the mechanism of depression of oxygen consumption, 
have indicated that at least one of the effects of a-TPh is exerted upon carbo- 
hydrate metabolism (7), and that, under highly specialized experimental 
conditions, administration of a-TPh is associated with inhibition of phospho- 
glucomutase activity (5). In these latter experiments it was shown that dia- 
phragms from rats injected with a-TPh were deficient in their capacity to 
dissimilate glucose-1-phosphate to other hexose phosphates and to lactate. 
The nature of the experiments were such that no information was obtained 
concerning the reverse step, the conversion of glucose-6-phosphate to glucose- 
1-phosphate. The experiments to be reported were designed to test the effect 
of administration of a-TPh upon the glycogenetic system of isolated rat dia- 
phragm, in which is included the phosphoglucomutase step. 


METHOD 


Male rats, Whelan strain, 300 + 50 g. each, received intraperitoneally, as a 10 per cent 
aqueous solution, 10 mg. of a-TPh per 100 g. of body weight. Approximately 45 minutes later 
the rats were decapitated, two sections of diaphragm were removed, and each hemidiaphragm 
was weighed on a torsion balance and placed immediately in chilled Warburg respirometer 
flasks containing 3.0 ml. of solution having the following composition (expressed as final 
concentration): 0.04 M sodium phosphate buffer, pH 6.8; 0.087 M NaCl; 0.005 M MgCl; 
and 0.011 M glucose. In addition, each flask contained 1 unit of amorphous insulin* except 
in two experiments in which 0.1 unit of insulin was used. The medium is the same as that 
employed by Stadie et al. (4) who found it optimal for glycogenesis by rat diaphragm. 
Diaphragm segments from a paired control (uninjected rat) were included in each experiment. 





‘ Aided by a contract between the Office of Naval Research, Department of the Navy, 
and the Johns Hopkins University (NR 113-241), and by a grant-in-aid from the Muscular 
Dystrophy Associations of America, Inc. 

* Amorphous insulin was provided by Eli Lilly and Company, Indianapolis, to whom we 
are indebted. 
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The injected rat was the first of the pair decapitated in alternate experiments. Incubation of 
diaphragm proceeded for one hour, when the tissue was removed and plunged into hot 9 
per cent KOH solution. Immediately therafter the protein in the medium was precipitated 
by the addition of either 3 N H,SO, and 10 per cent NazWO, or 0.3 N Ba(OH): and 5 per 
cent ZnSO. The glycogen content of the diaphragm was determined by the method of Good, 
Kramer, and Somogyi (2). The quantity of glucose remaining in the medium was determined 
by the method of Nelson (3). 


RESULTS 


In preliminary experiments it was confirmed that, when the medium con. 
tained no glucose, the glycogen content of diaphragms from both normal and 
a-TPh-injected rats was negligible at the end of one hour’s incubation. It was 
assumed, therefore, that all the glycogen discovered in diaphragm at the end 
of one hour’s incubation in the complete medium was the result of movement 
of glucose from the medium into the tissue. 


TABLE I 
Effect of «-Tocopheryl Phosphate on Insulin-Induced Glycogenesis by Isolated Rat Diaphragm 


| | 
| NO. OF PAIRS 
| OF RATS UNINJECTED @-TPh-INJECTED | DIFFERENCE P 








| | | 
2.5240.18 | 1.354+0.23 | 1.17+0.19 | <0. 
Glucose uptake 7 3.33 0.41 | 2.91+0.53 | 0.42 +0.22 | >0.1 
Oxygen consumption 7 | 4.91 +0.21 | 4.87 + 0.29 | 0.03 + 0.33 | >0.9 


4 
Glycogen production... . : 10 





See text for experimental conditions. Data, expressed as 1M/hr/100 mg diaphragm wet weight, 
represent the mean + standard error of the mean. P, the probability that the difference betwee 
means occurred by chance, calculated by the “t” test, is interpreted to suggest a significant difference 
only in the case of glycogen production. 


In i0 pairs of rats the glycogen content of the diaphragm was determined. 
In seven of these 10 pairs the rate of disappearance of glucose from the medium § 
(glucose uptake) and the rate of oxygen consumption were also measured. 

Results appear in Table I. The glycogen content of diaphragms from rats 
injected with a-TPh was only 54 per cent of that of diaphragms from contrd 
rats after incubation with glucose and insulin. With respect to glucose uptake 
and oxygen consumption, however, administration of a-TPh produced no 
detectable effect. Glycogen production accounted for 76 per cent of gluco 
uptake in the normal diaphragms and for only 46 per cent in diaphragms from 
a-TPh-injected rats. 


DISCUSSION 


The systems concerned with the synthesis of glycogen from glucose aft } 
currently held to be: 
a) glucose —> glucose-6-phosphate (the hexokinase system) 
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b) glucose-6-phosphate = glucose-1-phosphate (the phosphoglucomutase 
system) 
c) glucose-1-phosphate = glycogen (the phosphorylase system) 

Of these three steps, the hexokinase system appeared to be unaffected by 
administration of a-TPh, since glucose uptake was not significantly different 
from normal. Therefore, the inhibition of glycogenesis, exerted by administra- 
tion of a-TPh, was at the level of the phosphoglucomutase step or of the phos- 
phorylase step or of both. Although the data do not permit finer differentiation 
they are consistent with and add support to previous studies which were in- 


terpreted as indicating inhibition of phosphoglucomutase activity following 


administration of a-TPh (5). Evidence that the phosphorylase system was not 
the site of inhibition was obtained in earlier experiments in which rat dia- 
phragm was incubated in a medium containing glycogen: glycogen disappeared 
from the medium even more rapidly in the presence of diaphragm from a- 
TPh-injected rats. 


SUMMARY 


When a-tocopheryl phosphate (a-TPh) was administered to rats and the 
isolated diaphragm was incubated subsequently in a medium containing insulin 
and glucose it was found that, whereas glucose uptake and oxygen consumption 
were unaffected by administration of a-TPh, the accumulation of glycogen in 
the tissue was significantly less than in the normal. These data support previous 
experiments interpreted to indicate that a-TPh inhibited carbohydrate me- 
tabolism in skeletal muscle at the level of the phosphoglucomutase step. 


The technical assistance of Miss Muriel Clark is acknowledged with appreciation. The 
a-tocopheryl phosphate was a gift from Hoffmann-LaRoche, Inc., Nutley, New Jersey, to whom 
we are indebted. 


SUMMARY OF THE EVIDENCE CONCERNING THE MECHANISM OF ACTION OF 
a@-TOCOPHERYL PHOSPHATE ON STRIATED MUSCLE 


The observations which stimulated the search reported here were that 
administration of a-tocopheryl phosphate reduced oxygen consumption in the 
intact rat and also in isolated diaphragm in a substrate-free medium. Since 
endogenous oxygen consumption in rat skeletal muscle is associated largely 
with carbohydrate metabolism, it was suspected that the effect of a-TPh, 
responsible for reduced oxygen consumption, might be exerted during metabo- 
lism of carbohydrate. This suspicion was strengthened when a-TPh was found 
not to affect the activity in striated muscle of a number of enzyme systems 
unrelated to glycogenolysis (6). 

The main pathways of carbohydrate metabolism in mammalian skeletal 
muscle, and its relation to oxygen consumption are illustrated in Fig. 1. 

Early experiments were designed to test the effects of various substrates on 
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oxygen consumption by isolated muscle. It was found that when certain mem. 
bers of the Krebs cycle were substrates, administration of a-TPh did not modify 
the rate of oxygen consumption (6). This suggested that, if carbohydrate 
metabolism were affected by a-TPh, the site of action lay in the long chain of 
events concerned with the breakdown of glycogen to pyruvate. 

When exogenous glucose was the substrate and diaphragm was the source of 
enzyme, administration of a-TPh had no effect on oxygen consumption. This 
suggested that a-TPh did not play a role in the hexokinase system or in the 
steps concerned with the breakdown of glucose-6-phosphate to pyruvate. The 
evidence at this point, based on the effects of administered a-TPh on oxygen 
consumption, suggested that the site of action was at the level of phosphogluco- 
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Fic. 1. The main events in carbohydrate metabolism in striated muscle pertinent to dis 
cussion of the action of a-tocopheryl phosphate. 


mutase or of phosphorylase. When glycogen was the substrate, the depression 
observed in the case of endogenous oxygen consumption persisted, and, for 
reasons which remain unexplained, tissue from a-TPh-injected rats was better 
able to dissimilate glycogen from the medium than tissue from control rats. 
These observations suggested that the inhibitory effect of a-TPh was not 
exerted at the phosphorylase level. There remained only the possibility that 
the effect of a-TPh was upon the phosphoglucomutase system, if evidence 
based almost solely on measurement of oxygen consumption was sufficient. 

However, the fraction of carbohydrate accounted for by the quantity of 
oxygen consumed is but a minor part of the total carbohydrate dissimilated. 
Proper identification of the site of action of a-TPh, especially if that site lay 
in the anaerobic phases of carbohydrate metabolism, required more direct 
analysis of the rate of disappearance of substrate and the rate of appearance of 
products of the reaction. 


As a first step in this direction, an experiment was designed to test the effect 
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of a-TPh on carbohydrate metabolism in vivo. Glycogenolysis was stimulated 
by administration of epinephrine. Administration of a-TPh prevented the usual 
hyperlactacidemic response to epinephrine, confirming that an inhibitory 
effect of a-TPh was on the anaerobic phases of muscle glycogenolysis (7). 

In experiments in which diaphragms from control and from a-TPh-injected 
rats were incubated in media containing various hexose phosphates, it was 
determined that, under specialized conditions, a-TPh inhibited conversion of 
glucose-1-phosphate to glucose-6-phosphate, but did not modify the over-all 
rate of dissimilation of glucose-6-phosphate toward lactate (5). The evidence 
again suggested that the site of action of a-TPh was at the level of phospho- 
glucomutase. 

In the final experiments, the effect of a-TPh upon the synthesis of glycogen 
from glucose was explored. Based on measurement of glucose uptake from the 
medium and glycogen production in the tissue, it was determined that there 
was an inhibitory effect exerted by a-TPh and that it was at the level of 
either phosphoglucomutase or of phosphorylase or of both; the experimental 
conditions were such that no basis was available for discrimination among these 
possibilities. However, the evidence of preceding experiments made it difficult 
not to ascribe the results of this last series of experiments to inhibition at the 
level of phosphoglucomutase. 

As a result of the entire body of data now available, the reduction in oxygen 
consumption in skeletal muscle consequent upon administration of a-TPh 
may be explained as follows: a-TPh inhibits at the level of phosphoglucomu- 
tase; the supply of glucose-6-phosphate provided by glycogenolysis is thereby 
reduced. Unless hexokinase activity be accelerated enough to compensate, the 
over-all supply of glucose-6-phosphate necessarily will be reduced. A necessary 
consequence of such a restriction in supply of this carbohydrate substrate will 
be a proportional decline in oxygen consumption. 

It may be noted that a-TPh did not reduce the oxygen consumption of rat 
liver. Nor did it prevent hyperglycemia induced by epinephrine, an unexpected 
response if phosphoglucomutase were inhibited in liver. ‘This difference in the 
response of muscle from that of liver suggests that the respective phospho- 
glucomutase systems may differ in certain specific respects. Although differ- 
ences in the phosphoglucomutase systems have not been reported, nevertheless, 
the concept of dissimilarities in carbohydrate enzymes performing the same 
function is not new: such differences have been described for the phosphorylases 
of muscle and of liver (1). 

Emphasis must be laid on the fact that these observations have to do with 
one action of large doses of a-TPh, the inhibition of phosphoglucomutase 
activity in striated muscle. How this effect is related to the action of tocopherol 
at normal physiological levels or to the nutritional muscular dystrophy owing 
to tocopherol deficiency is not established. 
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The principal stimulus for the initiation of these studies was the report of 
Chambers and Zweifach (1), who extended to the rat (mesoappendix) and 
dog (omentum) Zweifach’s earlier observations upon amphibia and mice 
(2-5), and his concept of the peripheral vascular bed as “a composite of func- 
tioning units, each unit consisting of a central, capillary-like channel of which 
the true capillaries are side-branches” (1, p. 192). We were prepared to accept 
Chambers and Zweifach’s observations without question as valid for the par- 
ticular locations in which they had subjected the vascular beds to such thor- 
ough study. However, we were curious to learn, from in vivo studies of other 
regions, whether their concept of functional and structural units—built around 
central or “thoroughfare” channels—had general applicability, or represented 
a more or less special case. Chambers and Zweifach’s findings can best be de- 
scribed in their own words: 


“In a survey of regions where capillaries are discernible there can be made out occasional 
vessels of capillary dimensions through which the blood is flowing more rapidly than through 


the capillaries adjacent to them. They originate as branches or as prolongations of terminal 
arterioles and can be traced through the bed until they merge with other similar channels to 
form the venules. These thoroughfare vessels, to be designated as central channels, are fre- 
quently varicose along their proximal portions where they exhibit relatively slow and vari- 
able changes in diameter. Concomitant with this are to be seen fluctuations in the rate of 
blood flow in the capillaries adjacent to these channels. 

“A more detailed examination . . . reveals that the capillaries are branches of the central 
channels. Along the proximal portion of a central channel the capillaries branch off more or 
less abruptly and carry blood away from the channel. Along the distal portion the capillaries 
bring blood back into the channel with which they join at increasingly acute angles in the 
direction of the flow within the channel. 

“The proximal, contractile portion of the central channel is encircled with single dis- 
continuously arranged but typical muscle cells and is being designated as metarteriole (Gr. 
meta, beyond). Beyond the metarteriole the muscle cells progressively disappear and the 
channel, as the a-v capillary, continues until it passes into a venule. 

“The junctional segments of the capillaries, leaving the metarteriole, are the precapil- 
laries, encircled with contractile muscle cells, the precapillary sphincters. The muscle cells 
of the junctional segments along the remainder of the central channel progressively diminish 
until, at the venular portion, they are absent. The capillary branches joining the venular 
end tend to be wider than the precapillaries of the metarteriolar portion. The true capillaries 
are purely endothelial vessels which extend between the precapillaries and the capillaries 
which lead into the venous channels. 

“Each central channel and its side-branches with their interposed true capillaries con- 
stitute a structural unit. Capillaries of one unit communicate with corresponding capillaries 
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of adjacent units. In this way, variable number of units make up the composite, architectural 
pattern of the capillary bed. 

“The true capillaries are not branches only of the central channel. Along the length of 
a typical arteriole there can be seen an occasional capillary offshoot supplied with a sphincter, 
These offshoots branch into capillaries which reunite and join directly with a venule. Capil- 
lary branches of this type predominate in the intestinal mesentery.” (1, pp. 178-180) 


Chambers and Zweifach’s observations upon the vessels of the frog’s mesen- 
tery have been rather extensively documented by films (6-9), as have those of 
Fulton and Lutz upon the frog’s retrolingual membrane (10-12). We have 
been afforded the opportunity to examine these films with care and have found 
them highly instructive, particularly for their striking demonstrations oj 
spontaneous and induced variations in caliber of arterioles and precapillary 
sphincters. Further discussion of these films, and of other pertinent literature, 
will be deferred until after presentation of our observations. 

Thus far, our own im vivo studies have been confined almost entirely to the 
frog (skin, web, ventral surface of tongue, wall of urinary bladder) and man 
(finger nail bed, skin, mucosa of lower lip, bulbar conjunctiva). In the frog we 
have concentrated our efforts upon the web and the wall of the urinary bladder, 
especially the latter, with emphasis upon the illustration of architectural or- 
ganization and directions of blood flow in selected peripheral vascular patterns 
of varying types. The response of the bladder vessels to the vasoconstrictor 
effect of adrenalin was likewise investigated. In man (and the rabbit), only 
the bulbar conjunctiva was found to offer sufficiently inclusive vascular beds 
for study and illustration with a reasonable degree of accuracy and complete- 
ness; and even here the particular difficulties involved impose sharp limitations 
(see below). 


MATERIAL AND METHODS 


All observations in the frog were made upon Rana pipiens, principally male specimens 
weighing from 20 to 35 gm., obtained from Vermont at intervals, and after arrival main- 
tained unfed in a standard ranarium. Frogs were routinely anesthetized with urethane, 7 
gm. per kg., injected into the dorsal lymph sac as a 5% solution in physiological saline 
(Holtfreter’s solution, 13). The anesthetic usually has an initial depressant effect upon the 
circulatory system, and we customarily waited at least 20 minutes before proceeding further 
with the preparation. For studies of the web, anesthetized frogs were simply swathed in 
water-soaked cotton, and their hind feet gently expanded and held in position with hedgehog 
quills placed adjacent to the 1st and Sth digits. To achieve greater flatness of the microscopic 
field, the web was supported on a wedge-shaped piece of thin glass. The urinary bladder was 
exposed and prepared as follows: 

With the frog laid on its back on water-soaked cotton, the trachea was cannulated, the 
lungs collapsed, and the cannula occluded to minimize disturbance by any attempted respira- 
tory movements. The urinary bladder was then emptied by means of a suitable glass cathe- 
ter, filled to the tip with physiological saline.—It is important not to introduce any air into 
the bladder at this step, since even small accumulations of air may seriously interfere with 
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microscopic observation of the bladder wall.—After final arrangement of the frcg, all except 
the mid-line of the abdomen was covered with two strips of wet cotton. With the frog placed 
so that its feet were toward the operator, and using an electrocautery at minimum effective 
heat as a cutting instrument, the skin of the ventral abdominal wall was incised from the 
xiphoid process to the pubis, with lateral extensions of the incision as required. Then the 
muscular wall of the abdomen was incised, keeping to the (operator’s) right of the midline 
to avoid the large anterior abdominal vein, and again extending the incision laterally as re- 
quired to provide good exposure. A small pad of cotton, moistened with saline, was placed 
in the angle between the lateral body wall and left thigh, to act as a support for the bladder 
when subsequently distended. A short length of rubber tubing was attached to the catheter 
in the urinary bladder and both were filled with saline, using a syringe with a long needle to 
expel all air up to the tip of the tubing. The needle was then removed from the syringe, the 
tip of which was inserted directly into the tubing. With gentle pressure the bladder was 
filled with saline until a portion of its wall projected above the incision sufficiently to permit 
proper illumination from the side for microscopic observation. When a suitable amount of 
saline had been injected, to a point of moderate distention at best, gentle but firm pressure 
was maintained on the pubis as the catheter was slowly withdrawn. 

All observations upon the frog were made with compound microscopes (in preference to 
those of the dissecting type), for the most part in the range of 60x to 100 (10x objective), 
to some extent in the range of 120 to 200 (20 objective). Studies of the web were made 
with transmitted light, supplemented as desired with angular incident illumination to re- 
solve doubtful features of the preparations. Angular incident illumination, shielded by heat- 
absorbing glass, was routinely used for studies of the urinary bladder wall. We explored the 
possibility of illuminating the wall by transmitted light, employing a Broyles Nasopharyngo- 
scope (814 French) inserted into the bladder through the urethra; and concluded that the 
method offered no appreciable advantages, and in some ways was definitely inferior to 
angular incident illumination. 

The fluorescence microscope used for observation of photodynamic effects upon the blad- 
der circulation has recently been described elsewhere (14). Other necessary details con- 
cerning material and methods are included where applicable in the section on observations. 

Comment upon the illustrations. In figures 1-8, as a matter of convention, all obviously 
arterial and arteriolar channels have been stippled; all “capillaries” have been represented 
by single-thickness lines; and all obviously venular and venous channels have been repre- 
sented by solid lines of greater thickness. The varying thickness of the arterial, venous and 
arterio-venous (or arterio-arterial, Fig. 6B) channels, as represented, gives an approximate 
idea of their relative calibers in the original preparations. “Capillaries” include all vessels— 
irrespective of caliber, some being of appreciably or considerably greater diameter than 
others—with an apparent delicacy of wall structure essentially equivalent to that of the 
finest vessels in the pattern. Under our conditions, the decision is not infrequently a difficult 
one to make; and all such identifications of presumptive “true capillaries” must be accepted 
with caution. The convention of single-thickness lines for “capillaries” inevitably suppresses 
variations in their caliber, and in addition makes them appear of disproportionately small 
caliber as compared with the arterial and venous channels. 


OBSERVATIONS 


In the frog, the terminal distribution of the peripheral blood vessels is read- 
ily accessible to microscopic observation in the skin of the general body sur- 
face, in relatively or entirely unpigmented areas. However, the amount of in- 





50 ALLAN L. GRAFFLIN AND ELIZABETH H. BAGLEY 


formation which can be derived from study of the relatively simple and highly 
repetitive superficial vascular patterns is decidedly limited. The terminal ar. 
terioles and the initial collecting veins, in their almost vertical ascent toward 
or descent from the surface, are largely inaccessible to close scrutiny; and it is 
seldom possible to visualize, with an acceptable degree of accuracy and com- 
pleteness, a vascular pattern of any appreciable extent. In the webs of the 
hind feet, on the other hand, patterns of considerable extent are at times 
sufficiently well displayed—in essentially a single plane—to permit adequate 
analysis of their varying character and architecture. In addition, the web can 
be prepared for observation without trauma; and for these reasons it has been 
selected as one object for study. 

While often used for vascular studies in the frog, the ventral surface of the 
intact tongue has obvious disadvantages. In our experience, one rarely encoun- 
ters a vascular bed which is sufficiently extensive for fruitful study, and in 
which all of the constituent vessels can be clearly visualized in their entirety, 
and with complete assurance that capillaries or other small vessels free of eryth- 
rocytes have not escaped notice. Furthermore, the preparation almost in- 
evitably involves a certain amount of trauma, and the exposed surface all too 
frequently exhibits gross hyperemia and/or stasis. Among other possibilities, 
exclusive of the surgically prepared retrolingual membrane and of the mesen- 
tery, the wall of the frog’s urinary bladder—despite the need for operative 
exposure—has proved to be highly suitable for such studies; and we have made 
a particular effort to document the characteristics of its vascular beds, both 
in the undisturbed membrane and under the infiuence of adrenalin. 

In man, the classical locations for direct microscopic observation of periph- 
eral blood vessels are the finger nail bed, the skin, the bulbar conjunctiva and 
the retina. Thus far, our studies of the finger nail bed and skin have added 
nothing new to currently available information (15-20). Like others before us, 
we have been impressed by the fact that the walls of the peripheral vascular 
loops consistently defy visualization; and we have had no success in this 
regard with either dissecting or compound microscopes, or with the Leitz 
“Ultropak” (see 18). 

We were led by the now largely forgotten papers of Hueter (21, 22), pub- 
lished in 1879, to examine the inner surface of the lower lip. Hueter was well 
aware of the potential importance of im vivo observations of human peripheral 
vascular beds, in both health and disease. He was particularly impressed by 
the mucosa of the lower lip as a favorable locus for such observations, and 
introduced the term “‘cheilo-angioscopy” to describe his new method. Because 
of Hueter’s obvious enthusiasm, which has apparently not proved contagious 
to subsequent workers, we have studied the vessels in this region at some 
length, with varying types of equipment, and at magnifications up to 110. 
There is no doubt that, under optimal conditions, one can obtain rather strik- 
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ing pictures of a rich bed of vertically oriented, hairpin-like, capillary loops, 
with their arterial (thinner) and venous (thicker) limbs, and with blood flow 
clearly visible in many instances. In addition, fairly extensive pictures are 
sometimes obtained of the underlying venous plexuses. However, the walls of 
the capillary loops can not be visualized; and one is forced to rely upon moving 
or static columns of erythrocytes for vessel identification. We have yet to 
encounter a single field in which even a limited vascular pattern could be 
traced from the arterial to the venous side, with any assurance that “empty” 
capillaries or other vessels were not being entirely overlooked. Fundamentally, 
the lower lip would appear to offer the same sort of information to be derived 
from examination of the skin; and the observations have not been pursued 
any further. 

The bulbar conjunctiva would appear to be an ideal location for studies 
of the peripheral vessels, but this appearance is in some ways deceptive. As 
seen at lower magnifications, the vascular patterns are variably incomplete 
and may be quite misleading; while at higher magnifications automatic move- 
ments of the eyeball seriously interfere with sharp visualization. Detailed 
studies of individual patterns require patience and persistence; and for the 
present we have had to content ourselves with documentation of single repre- 
sentative patterns in the rabbit and man. Compared with those of the bulbar 
conjunctiva, the patterns of the palpebral conjunctiva (as studied on the under 


surface of the rabbit’s upper lid) are quite different in character, and would 
obviously pose a very difficult problem for analysis. The interesting vascular 
patterns of the retina have as yet proved inaccessible to im vivo observations at 
suitably high magnifications. 


Web of frog 


In most specimens of Rana pipiens, only a few small areas of the web are 
sufficiently free from pigment to permit detailed and accurate study of the 
underlying peripheral vascular patterns. Four such patterns, deliberately 
selected from essentially unpigmented areas, are illustrated in figures 1 and 2 
and considerable differences in their architecture are at once apparent. We 
have every reason to believe that the patterns as given are complete, i.e., that 
no “empty” capillaries or other vessels (free of erythrocytes) have escaped 
detection. 

In making the drawings it was frequently difficult and at times impossible 
to decide how far a double-contoured line should be carried along arterial 
channels, and which channels—and to what extent—should be emphasized 
as venous in character by greater thickness of line. Many of the vessels repre- 
sented in the figures by single-thickness lines were sufficiently large in caliber 
to permit the simultaneous passage of two or three erythrocytes side by side, 
yet exhibited the same apparent delicacy of wall structure as the smallest 
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vessels present. If a caliber permitting the passage of only one erythrocyte 
at a time were the sole criterion, only about half (a very rough estimate) of 
the vessels represented by single-thickness lines would qualify as presumptive 
“true capillaries”. 


Fic. 1. Vascular patterns in web of frog. A: Dorsal surface of web in angle between 
2nd and 3rd digits, right hind foot, frog C-15. Free-hand drawing. B: Ventral surface of 
web in angle between 3rd and 4th digits, left hind foot, frog C-18. Camera lucida drawing. 
(c. 50) C: Ventral surface of web in angle between 2nd and 3rd digits, right hind foot, 
frog C-18. Camera lucida drawing. (c. 50) 


The drawing of figure 1A required about 34 hours for completion. Although 
all vessels were not active at all times, they were active for the most part, and 
the directions of flow indicated in the figure were consistent whenever flow 
occurred in intermittent vessels. All presumptive capillaries, when inactive 
and either filled with static erythrocytes or “empty’’, retained their original 
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caliber in so far as we could judge without actual measurement. There was no 
suggestion of capillary contractility, either active or passive. Although a num- 
ber of vessels in the field exhibited readily appreciable variations in blood 


Fic. 2. Vascular pattern in web of frog. Ventral surface of web in angle between 2nd and 
3rd digits, left hind foot, frog C-16. Free-hand drawing, after establishment of major pro- 
portions with camera lucida. (c. 55) 


flow from time to time, neither observer was able to detect more or less rhyth- 
mic variations in caliber of the arterial or other channels, i.e., vasomotion in 
the sense of Chambers and Zweifach (1). 


In the patterns illustrated in figures 1B and 1C, directions of flow persisted as indicated 
throughout the observation periods in all vessels except one in figure 1B (lower right) and 
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two in figure 1C (upper right and near bottom). These three vessels exhibited reversal of 
flow from time to time. The drawing in figure 2 was accomplished and thoroughly checked 
in the course of rather prolonged observation periods on two successive days. In eight in. 
stances the direction of flow in small vessels is indicated by double arrows as proceeding in 
either direction. In three of these vessels reversal of flow was noted on the first day. In three 
others flow on the second day was consistently in the direction opposite to that recorded on 
the first. In the remaining two instances, reversal of flow was noted in the course of observa- 
tions on the second day. 


The patterns in figure 1 approximate the conventional schema of the inter- 
position of capillary beds between arterial and venous channels. By contrast, 
the presence of several arterio-venous communications of rather large caliber 
is a very striking feature of the pattern in figure 2. 


Urinary bladder of frog 


When exposed and prepared with suitable precautions against trauma and 
dehydration, the urinary bladder of the anesthetized frog is an excellent object 
for the study of peripheral blood vascular beds. With moderate distention 
of the bladder, all of the vessels in its wall are displayed in essentially a single 
plane, in a membrane of such delicacy that detailed studies of vascular patterns 
can be accomplished with relative ease. The wall is sufficiently thin and 
transparent so that the smallest capillaries—even though they may be per- 
sistently “empty” (free of erythrocytes) throughout the period of study—can 
be identified with assurance at relatively low magnifications (50 or 60x). 
The character and architecture of the vascular patterns exhibit a wide range of 
variation, which is readily apparent in the accompanying illustrations (Figs. 
3-6). The following observations were made upon a fairly representative prep- 
aration (frog C-9, compound microscope, 64), and are generally applicable: 


One is particularly struck by the complexity of many of the vascular patterns encoun- 
tered. The pictures are highly variable, as to both pattern and order of complexity; and 
there are apparently no features sufficiently repetitive to suggest a definite plan of organiza- 
tion of the vascular bed. It is impossible to find a single pattern which is acceptably equiva- 
lent to the functional units, with “thoroughfare” channels, as described by Chambers and 
Zweifach (1). There is considerable regional variation in the level of circulatory activity, 
from fields exhibiting a high level in all vessels to fields in which many or even a majority 
of the presumptive “true capillaries” are inactive, and are either devoid of blood cells or 
contain them in variable numbers. All inactive and particularly all “empty” presumptive 
“true capillaries” appear to be of essentially the same caliber as the active capillaries; and 
there is no suggestion of capillary contractility, either active or passive. Although several 
fields, while under observation, exhibit appreciable or even considerable changes in blood 
flow in some or many vessels, the vascular changes responsible for this can not be visualized; 
and there is observed no instance of vasomotion in the sense of Chambers and Zweifach (1). 
In many presumptive “true capillaries” the endothelial nuclei can be visualized with pat 
ticular clarity. In one instance an endothelial nucleus projects sufficiently far into the lumen 
to offer an appreciable partial obstruction to the passage of erythrocytes. 
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The four patterns illustrated in figure 3 were all taken from the same speci- 
men described above, and were highly selected. Those in figures 3A and 3B 
were chosen as representatives of the simplest patterns encountered. Those in 





Fic. 3. Vascular patterns in wall of urinary bladder of frog C-9. Free-hand drawings. 


figures 3C and 3D attracted attention because of their unusually sharp de- 
limitation from adjacent patterns, and because each included an arterio-venous 
communication of rather large caliber. In each of the patterns a particular 
effort was made to identify—on the basis of structural characteristics—all 
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presumptive “true capillaries”, and these are labelled with small letters in each 
figure. However, it is freely admitted that such identifications are of question- 
able validity, and must be accepted with caution. 


The patterns illustrated in figures 4B, 5A and 6A, of varying character and complexity, 
were used for studies of the vasoconstrictor effect of adrenalin, and the labelling of selected 
vessels was for the purpose of keeping detailed records. Figure 4 requires no comment other 


Fic. 4. Vascular patterns in wall of urinary bladder of frog. A—frog C-4; B—frog C-6; 
C—frog C-22. Free-hand drawings. 


than that the single vessel marked “‘X” in each pattern was inactive throughout the period 
of study (1 hr. to 1 hr. 40 min.). Throughout most of the period required for draw- 
ing figure 5A (1 hr. 20 min.), the field as a whole continued in a high level of circulatory 
activity. However, a number of the smallest vessels (presumptive “true capillaries”) were 
completely inactive for varying periods of time, or showed only occasional brief periods 
of activity. None of them showed any perceptible alteration in caliber with the shift from 
one state to the other, and no changes in caliber were detected in any vessels of larger than 


capillary size. 


In frog C-7, from which figure 5B was drawn, the bladder wall was surveyed 
in an unusually extensive manner. From a study of field after field it became 
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apparent that, in this specimen at least, vessels of capillary size rarely rejoined 
the same channels from which they originally branched; and this observation 
is amply illustrated in the field drawn. In a surprising number of instances the 


Fic. 6. Vascular patterns in wall of urinary bladder of frog. A—frog C-8; B—frog C-20 
Free-hand drawings. 


blood followed a fairly direct route, in vessels larger than capillary size, from 
the artery to the vein; and several such arterio-venous anastomoses are it- 
cluded in the figure. More strikingly apparent in some fields than in others, 
the most delicate vessels—presumptive “true capillaries”—appeared to be 
definitely in the minority. Although many of the capillaries shown in figure 
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5B exhibited only intermittent activity or prolonged periods of inactivity, 
none of them—with one possible exception—exhibited any detectable change 
in caliber. The nine vessels marked “‘X”’ in the figure were inactive throughout 
the period required for drawing (2 hrs. 40 min.). 


In the pattern illustrated in figure 6A, the number of vessels with very delicate walls— 
presumptive “‘true capillaries”—was proportionately very small. A total of twelve such 
vessels was identified and accepted by both observers, and are labelled from “‘b’”’ through 
“q” and from “f” through “‘n” inclusive in the figure. Although some of the other vessels 
may well have been subserving the function of “true capillaries’, they were definitely larger 
in diameter and appeared to have an appreciably different character to their walls. The single 
vessel marked “‘X”’ was inactive throughout the period required for drawing (2 hrs. 10 min.) 


Our attention was called to the pattern in figure 6B by two medical students, 
who were struck by the fact that several branches of the principal feeding 
artery subsequently rejoined the arterial tree. The unusual character of the 
pattern is readily apparent from the figure, in which the larger vessels con- 
necting frankly arterial with frankly venous channels have been emphasized 
by cross-hatching instead of the stippling conventionally used for arteries. 
It will be noted that in each instance the cross-hatching begins at the most 
proximal point of entry of blood which has already passed through a vessel of 
capillary size. 

In the course of these studies the bladder wall has not infrequently been 
observed to exhibit contractile movements, varying in frequency and degree. 
These may be accompanied by distortion of the vascular patterns, with at 
times readily perceptible shifts in angles of branching, more or less marked 
kinking of both larger and smaller vessels, and migration of adjacent vessels 
to new relative positions. Under the circumstances, it is clear that one must 
be far more cautious—in a contractile and expansile membrane like the frog’s 
bladder wall as compared, e.g., with the mesentery—in interpreting variations 
in the angle at which the smaller vessels branch from arterial and join venous 
channels. Granted a variability in the angle at which “precapillaries” branch 
from arterial and “true capillaries’ join venous channels, there is in the blad- 
der wall no such orderly and graded sequence in the angle of branching as has 
been described for the mesentery and the mesoappendix (1). 

Even in bladders examined immediately after preparation has been com- 
pleted, we have not infrequently observed a tendency on the part of the cir- 
culating leukocytes to adhere to the walls of some of the venous channels, and 
to move forward in a halting and more or less irregular manner. In general, 
the segregation of the leukocytes at the periphery of the blood stream, and 
their tendency to adhere to the walls, become more marked with time, and may 
constitute a rather striking feature of the preparation after several hours have 
elapsed. On the basis of our own experience, we are inclined to accept without 
question the conclusion of Clark and Clark (23) that such adhesion of leuko- 
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cytes, whenever it occurs, is to be interpreted in terms of alteration in the 
normal properties of endothelium. Only rarely have we encountered emigra- 
tion of leukocytes through the vascular walls, and then only under grossly 
abnormal conditions. 

Once exposed and distended, the urinary bladder was kept moist by fre- 
quent applications of saline (Holtfreter’s) solution. With this treatment the 
wall and its vessels (including their responsiveness to very dilute solutions of 
adrenalin—see below) usually remain in very good condition for considerable 
periods. There is no loss in sharpness of microscopic visualization of structural 
details, and no change which we can interpret as evidence of edema formation. 
We have only rarely observed the development of petechiae, and then only 
after many hours of almost continuous observation. 

In many of the preparations, during the initial observation period, the 
circulation is relatively quiescent, with many of the capillaries transmitting 
no blood and others only occasional single cells. With time, such preparations 
frequently exhibit a gradually increasing tendency toward hyperemia, until 
finally all vessels—and without exception all non-capillary vessels—are trans- 
mitting blood, and usually at a rather rapid rate. Such hyperemia, and the 
progressive tendency of leukocytes to adhere to venous endothelium, can only 
be interpreted as abnormal phenomena; and it is entirely possible that their 
development could be significantly retarded by continuous irrigation of the 
bladder wall with gelatin-saline, as recommended by Chambers and Zweifach 
(1, 24). 

Studies with “adrenalin”, l-epinephrine and |-norepinephrine. A number of 
studies were made of the response of the bladder vessels to “adrenalin,” in the 
form of the unknown but widely used mixture marketed by Parke, Davis & Co. 
as “Solution Adrenalin Chloride (1:1000 ‘Adrenalin’).” Additional observa- 
tions were made upon the response to purified samples of l-epinephrine (lot 
N 205 EJ) and I-norepinephrine (lot N 008 FD), obtained in the form of their 
bitartrates from Winthrop-Stearns, Inc. 


As preservatives the Parke, Davis solution contains 0.5% chloretone and 0.1% sodium 
bisulfite. In repeated trials, a mixture of these two compounds—diluted 200 (equivalent 
to a 1:200,000 “adrenalin” solution)—has been shown to be without detectable constrictor 
or dilator effect upon the peripheral vessels when applied directly to the bladder wall. 
Holtfreter’s solution, which we have used routinely as a diluent for the drug solutions as 
well as for keeping the bladder surface in a moist condition, is likewise without effect. 


The prompt response of the blood vessels in a large majority of our prep- 
arations to an initial topical application of very dilute “adrenalin” would 
indicate that the preparations are sufficiently sensitive to be reasonably suit- 
able for studies of differential effects of the drug upon the vascular beds. In 
general, we confidently expect at least four out of five of our bladder prepara- 
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tions to exhibit a prompt and significant vasoconstrictor response to an initial 
application of three drops of “adrenalin” 1:3,000,000, and are rarely disap- 
pointed. The principal basis for our “adrenalin” studies was in order to deter- 
mine whether the drug might reveal, by its differential effects, characteristics 
of the vascular beds which either could not be appreciated—or could at best 
be only suspected—in microscopic studies of the undisturbed bladder wall. 

More specifically, in many trials—over a wide range of “adrenalin” con- 
centration—we have repeatedly searched for a convincing demonstration of 
“precapillary sphincters” and “thoroughfare” channels, as described (and docu- 
mented by “adrenalin” effects) in the mesentery and mesoappendix by Cham- 
bers and Zweifach (1). This search has up to now ended in failure; and studies 
with pure samples of l-epinephrine and |-norepinephrine—in concentrations 
(as bitartrate) of from 1:10,000,000 to 1:500,000—have met with no more 
success than those with unknown mixtures of so-called “adrenalin”. Careful 
study of the protocols reveals a conspicuous absence of unusual selective ef- 
fects, during either the vasoconstrictor response or during the period of re- 
covery therefrom; and all of our data are entirely consistent in this regard. 

On the basis of information currently available in the literature, we had 
anticipated significant differences in the responses of the bladder vessels to 
l-epinephrine on the one hand and |-norepinephrine on the other. Instead, sur- 
prisingly similar effects were obtained in preliminary trials of the two com- 
pounds; and this aspect of the problem obviously requires further investiga- 
tion. 


Studies with thioflavine S (photodynamic effects). Thioflavine S exhibits marked photo- 
sensitivity, and Singer (25, 26) has described striking photodynamic effects upon the renal 
glomeruli of the frog. More recently, Algire and Schlegel (27) have reported similar effects 
upon the peripheral vessels of mice. Exploratory observations under the fluorescence micro- 
scope, following injection of the dye (60 mg. per kg.) into the dorsal lymph sac, indicate that 
preparations of the frog’s bladder would offer a highly suitable object for detailed studies of 
such photodynamic effects. Pronounced circulatory reactions, dominated by arterial vaso- 
constriction, develop after only brief exposure to ultraviolet light; and the intensity of the 
effects obtained could be readily controlled by varying the experimental conditions (dosage 
of dye, intensity and spectral character of the beam, exposure). 


Bulbar conjunctiva of rabbit and man 


The vessels of the human bulbar conjunctiva are readily accessible to study, 
and the slit lamp microscope—as routinely employed by ophthalmologists— 
affords pictures of great beauty and interest. Such microscopes conventionally 
provide rather low magnifications (up to 40X), at which fields of particular 
interest can be subjected to careful and continuous scrutiny. However, the 
delicacy of the small arterial channels and of the capillaries is such that con- 
siderably higher magnifications (up to c. 90) are required for the detailed 
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study of the peripheral vascular beds with an acceptable degree of complete. 
ness and accuracy. At these higher magnifications the observer is constantly 
thwarted by slight and uncontrollable movements of the eyeball, despite 
strenuous efforts on the part of the subject to “fix” the eye. Such movements, 
essentially imperceptible at lower magnifications, not infrequently present an 
almost insuperable obstacle to sharp visualization at magnifications in the 
neighborhood of 100. 

The attachment of the bulbar conjunctiva to the underlying sclera is suff- 
ciently loose so that the course of individual vessels and the proportions of a 
given vascular pattern may vary appreciably in the course of a single observa- 
tion period, and may exhibit rather marked differences when the same pattern 
is studied in successive periods at intervals of several days or more. 

As a preliminary to more detailed observations upon the bulbar conjunctiva 
of man, we undertook a limited study of the vascular patterns in the anesthe- 
tized rabbit. 

Rabbit. In a nembutalized specimen (initial dosage 60 mg. per 5 lbs., with 
supplemental dosage as required), after careful survey of the bulbar conjunc- 
tiva of both eyes, what appeared to be a fairly representative vascular pattern 
was selected for thorough study and drawing. All details of the pattern were 
checked and rechecked on three different occasions, extending over a period 
of one month. Observations were made with the Zeiss Opton and Bausch and 
Lomb stereoscopic microscopes, at from 30 to 90 magnifications, using angular 
incident light (shielded by heat-absorbing glass) and a variety of color filters, 
of which the theater light blue (Corning #4308) and the Wratten green and 
yellow filters (alone or in combination) proved most helpful. 

The finally corrected drawing is illustrated in figure 7, and is regarded as 
essentially accurate in all important respects. The one exception is that neither 
observer has any assurance that persistently “empty” capillaries (free of 
erythrocytes) might not have been overlooked, despite repeated attempts to 
visualize them; and the pattern may still be to some extent incomplete. With 
the exception of the principal draining vein and its larger tributaries, the en- 
tire pattern as illustrated in figure 7 lay in the most superficial vascular stratum 
of the conjunctiva. However, the principal artery was observed to ascend rather 
abruptly from below, to reach the surface at a point just outside the figure. 

In a second nembutalized specimen (1.8 kg.), studied with the Leitz “‘Ultro- 
pak” microscope (11 dry objective, 10 monocular), the vascular patterns 
of the bulbar conjunctiva were entirely similar to those observed in the first. 
No instance of the small capillary “loops” described by Rollin (28) was en- 
countered in either specimen. 

Man. The most delicate capillaries, of a caliber approximating the diameter 
of an erythrocyte, can be sharply visualized only in the most superficial layer 
of the bulbar conjunctiva, which likewise contains some small arteries and 
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veins. The latter two types of vessel can be well visualized in the next deeper 
layer, but principally only the veins in the third layer. Deep to these three 
layers, or vascular strata, larger vessels are regularly present, but can almost 
never be sharply visualized. In our experience, reasonably accurate studies of 
true capillary patterns—including directions of blood flow—can be made only 
in the most superficial layer. 


<= 


Fic. 7. Vascular pattern in bulbar conjunctiva of rabbit. Just above corneo-scleral junc- 
tion, left eye, rabbit C-i, male, 4.5 kg. Free-hand drawing. 


Visualization of flow in the small and smallest veins presents no difficulty. 
It presents more difficulty in some of the capillaries, but with persistence can 
almost invariably be accomplished with assurance. The greatest difficulty is 
encountered in the finer arterial channels, in many of which we have failed to 
detect even a suggestion of flow, despite repeated attempts to do so with dif- 
ferent types of equipment and over a wide range of magnification (up to 110). 
Blood flow is in general rapid in the smallest arteries, rapid and well main- 
tained in the capillaries, and variably slow in the veins. No’ ufrequently, in 
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an area seemingly devoid of capillaries, one or more will suddenly become 
clearly visible by the rapid “streaking”’ of erythrocytes along its (their) course. 
Just as suddenly this “‘streaking’’ may cease, and one may then search in vain 
for an “empty” capillary which he knows to exist. 

After we had become reasonably well acquainted with the vessels of the 
human bulbar conjunctiva, what appeared to be a fairly representative vascular 
pattern was selected for thorough study and drawing. For this purpose a 
binocular stereoscopic microscope, of the dissecting type, proved to be the 
instrument of choice; and most of the observations were made with the 6x 
objective and 10X oculars. Although such a study frequently requires rather 
intense illumination, the light source was used in so far as possible at minimum 
effective intensity, and was shielded at all times by heat-absorbing glass. The 
theater light blue (Corning #4308) and Wratten green and yellow filters were 
used as indicated, alone or in combination, for optimal visualization; and the 
green filter proved best for most purposes. The pattern was drawn, checked and 
rechecked in five or six different observation periods in the course of fifteen 
days. All details were scrutinized repeatedly with the 15x oculars (90x), 
without which some aspects of the pattern could hardly have been clarified. 
At the end, the pattern was rechecked in its entirety—at 40 and 60 (using 
15X oculars)—with the new Zeiss Opton slit lamp microscope, which proved 
most helpful in resolving doubts concerning several features. 

The final drawing is illustrated in figure 8. The pattern includes all capil- 
laries arising from a single terminal arteriole (above center of figure), and the 
collecting veins into which these capillaries drain. All of the capillaries lie in 
the most superficial layer of the conjunctiva; the principal artery lies almost 
entirely in the second layer; and the large vein—coursing across the figure 
from right to left—ascends from the third to the second layer (center of figure), 
then reverts to the third layer after passing superficial to the principal artery. 
Except for minor shifts in position and proportions, the pattern persisted un- 
changed throughout the period of study. The capillary marked with an as- 
terisk (*, near bottom of figure) ascends from below to join the pattern. Direc- 
tion of flow in all vessels was consistently as indicated in the figure, and was 
repeatedly visualized in all except the principal artery. The two small col- 
lecting veins in the upper portion of the figure drain independently into two 
separate larger veins, which do not connect with the principal draining vein 
of the pattern. The drawing is regarded as essentially correct in all important 
respects. However, as in the rabbit (Fig. 7), there is still the possibility that 
persistently “empty” capillaries (free of erythrocytes) may have escaped de- 
tection, and that the pattern is to some extent incomplete. 


In the particular subject used for figure 8, all quadrants of the bulbar conjunctiva of 
both eyes were carefully surveyed with the slit lamp microscope at 40x. As far as the most 
superficial vascular patterns were concerned, all gave pictures essentially equivalent to those 
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in the temporal quadrant of the left eye, from which the field was selected for drawing. The 
upper quadrant of both eyes was more free of larger veins than the others. It was almost 
impossible to visualize blood flow in the superficial arteries, except in their terminal branches. 
When subjected to study at unusually high magnification (110) with the Leitz “Ultro- 
pak” microscope, the nasal qua«lrant of the right eye of this subject yielded an apparently 


NY 


Fic. 8. Vascular pattern in bulbar conjunctiva of man. About midway between corneo- 
scleral junction (to left) and outer canthus (to right), left eye, male subject, 46 years old. 
Free-hand drawing. 


unequivocal instance of the small capillary hairpin loops reported by Rollin (28) as charac- 
teristic of the human bulbar conjunctiva. The capillaries themselves and the larger venous 
limbs of the loops, with the direction of blood flow, could be visualized without difficulty. 
However, it was impossible to obtain sharp visualization of the delicate arterial limbs. This 
‘ is the only instance of Rollin’s loops which we have thus far encountered. 


So far as we could judge from a survey of the bulbar conjunctiva in a number 
of young subjects (23 to 26 years), the vascular pattern illustrated in figure 8 
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is apparently reasonably representative. If it is unusual in any particular, it 
is in the presence of the two instances of capillary bifurcation, with the forma- 
tion of a small circular loop, near the origin of a collecting vein (above and to 
left in figure). 


Agglutination of erythrocytes (“‘sludging’’”) has been encountered only very occasionally, 
and then in only very mild degree, in the course of our studies of the conjunctival vessels in 
apparently healthy subjects. In all instances the phenomenon was limited to one or more 
small venous channels, and in no instance were the clumps of erythrocytes of such size or 
character as to obstruct the flow of blood for more than a very brief interval. In one subject 
a single quadrant of the conjunctiva was repeatedly surveyed, with variably intense il. 
lumination, over a period of two hours. Only during the last half-hour of observations was 
agglutination of erythrocytes encountered, and then in only a few small veins. 


DISCUSSION 


The membranes (mesentery, mesoappendix, omentum) selected by Chambers 
and Zweifach for intensive investigation of the character and behavior of 
peripheral blood vascular beds are particularly favorable for such in vivo 
studies, and afford the opportunity—with transmitted light—for sharp visuali- 
zation and cinematography at relatively high magnifications. The same is 
true of the frog’s retrolingual membrane and the cheek pouch of the hamster, 
which have been studied with such care by Fulton, Lutz e¢ al. (10-12, 29-31). 
In seeking for supplemental information upon vascular beds in other regions, 


we have been led to examine primarily three membranes—the frog’s web and 
urinary bladder wall, bulbar conjunctiva of man—which, by their very nature, 
impose certain limitations and are far less favorable for in vivo studies. 


Although sufficiently transparent for microscopy with transmitted light, the frog’s web 
is on the whole too thick to permit sharp visualization of detail at the higher magnifications. 
The urinary bladder wall, with its muscular coat and mucosa, is likewise rather thick—even 
when moderately distended; and lends itself readily to illumination only from above or 
from the side. Also, more or less delicate spontaneous movements of the muscularis can prove 
very distressing as the magnification is increased. High power study of the finer vessels in 
the bulbar conjunctiva is rendered practically impossible by uncontrollable, automatic 
movements of the eyeball. 


Under the circumstances, most of our observations have necessarily been 
made at relatively low magnifications, usually not exceeding 100 ; and in no 
instance have we been able to obtain information comparable, in detail and 
completeness, with that presented by Chambers and Zweifach and by Fulton, 
Lutz et al. This applies particularly to visualization of delicate, continuous or 
discontinuous, smooth muscle coats, whether in the walls of terminal continua- 
tions of arteriolar channels, or in specific formations such as “‘precapillary 
sphincters.” Furthermore, our lack of experience with, and equipment for, 
cinematographic studies has sharply curtailed the amount of information 
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which we have been able to obtain upon vasomotor phenomena. The following 
comments are made with these limitations in mind, and with full awareness 
that more elegant studies may well resolve apparent discrepancies between our 
observations and those of others. 

As a generalization it may be said that, if we had not been aware of Cham- 
bers and Zweifach’s concept of structural and functional units, we could not 
have arrived at such a concept from our studies of peripheral vascular beds in 
the web, urinary bladder and bulbar conjunctiva; and that, being aware of 
their concept, we have been able to obtain no evidence which would indicate 
its applicability. A structural unit—built around a preferential, capillary-like, 
central or ‘thoroughfare’ channel—does not emerge with acceptable clarity 
as characteristic of the vascular patterns in any of the locations specified. On 
the contrary, the patterns may exhibit endless variety, at times to the point of 
apparent “randomness”, and suggesting no definite plan of organization in- 
terpretable in terms of structural units of the most ill-defined sort. 


More or less irregularly dichotomous capillary beds, from the simplest to the most com- 
plex, are a feature of the vascular patterns in all three locations; and repeatedly illustrate the 
conventional schema of the interposition of capillaries and capillary beds between arterial 
and venous channels. In addition, in the frog’s web and urinary bladder, the patterns may 
exhibit—in variable numbers—arterio-venous communications, which differ over a wide 
range in length, in caliber, and in the directness or circuitousness of their course through the 
vascular bed (Figs. 2, 3C, 3D, 4C, 5A, 5B, 6A). These are obviously preferential channels 
for the passage of blood from the arterial to the venous side. However, their caliber and 
character are on the whole such that they are not regarded as in any proper sense equivalent 
to or comparable with the capillary-like, “thoroughfare” channels described by Chambers 
and Zweifach as “the basic architecture of a structural unit” (1, p. 181). In a membrane 
exhibiting as much variety as the bladder wall, it would be surprising if an occasional vascu- 
lar pattern and an occasional vessel did not respectively simulate or suggest a structural 
unit and a “thoroughfare” channel in the sense of Chambers and Zweifach. However, in 
our experience this is rarely the case. Finally, in the bladder wall, an interesting pattern was 
encountered which included several vessels which can best be described as arterio-arterial 
communications (Fig. 6B). We have yet to encounter an acceptable instance of an arterio- 
venous communication in the superficial vascular patterns of the bulbar conjunctiva in 
man (or rabbit). 


In the frog’s urinary bladder wall, with which we have had most experience, 
we have not infrequently observed fluctuations in the rate of blood flow 
through capillaries and other vessels. However, we have rarely observed the 
changes in vascular caliber responsible for these fluctuations, and then only in 
arterial channels of larger size. Varicosities, which are more or less charac- 
teristic of the proximal portions of Chambers and Zweifach’s “thoroughfare” 
channels, have never been encountered. It would appear that such changes in 
caliber as occur in arterioles in our preparations must occur rather slowly, and 
must be minor rather than major in degree. No instance of active, more or less 
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rhythmic, alternating dilatations and contractions of terminal arterioles— 
i.e., vasomotion in the sense of Chambers and Zweifach—has yet been ob- 
served. It is reasonable to assume that such vasomotion occurs in the bladder 
vessels, but it would almost certainly require time-lapse cinematography at 
rather high power for its convincing demonstration. On the other hand, it may 
be that conditions in the exposed bladder wall of our urethanized frogs are 
routinely abnormal to a degree incompatible with active vasomotion. As noted 
above, our preparations frequently exhibit, with time, a gradually increasing 
tendency toward hyperemia. Chambers and Zweifach have stressed the fact 
that the mesoappendix or omentum, when first prepared, tends to be hyperemic; 
and that it is only after the hyperemia has subsided that spontaneous vasomo- 
tion becomes a prominent feature of the “metarterioles” (1, p. 181). 


We have likewise failed to observe vasomotion in the vascular beds of the frog’s web and 
of the bulbar conjunctiva, although fluctuations in the rate of blood flow through capillaries 
and other vessels are frequently apparent in both regions. However, a statement of such 
failure is essentially without meaning as far as the bulbar conjunctiva is concerned, in view 
of the difficulties involved in achieving sharp visualization of the finer arterial channels. 
Only in the frog’s bladder have we observed (at 200 x )—in occasional instances—a more or 
less well-defined, localized, annular thickening of the wall at the proximal end of a presump- 
tive “true capillary.”’ The pictures strongly suggested the existence of “‘precapillary sphinc- 
ters,” as described by Chambers and Zweifach. However, we were unable to recognize in- 
dividual cells, and had no basis—in the absence of observable contraction—for concluding 
that the thickenings were muscular in nature. We have yet to encounter the slightest evi- 
dence for the occurrence of contractility—active or passive, local or generalized—of pre- 
sumptive “true capillaries” in the frog’s web and urinary bladder. Our observations do not 
permit any valid statement concerning the possible occurrence of the phenomenon in the 
bulbar conjunctiva. Although we have never observed capillary contractility, we have at 
times “lost” a capillary when it ceased transmitting erythrocytes. 


In striking contrast to the relative non-detectability of spontaneous vasomo- 
tion in our preparations are the impressive cinematographic demonstrations 
of the occurrence and magnitude of the phenomenon by Chambers and Zwei- 
fach (8) and Fulton and Lutz (12), respectively in the mesentery and retro- 
lingual membrane of the frog. The fourth sequence in Chambers and Zweifach’s 
film, recorded by time-lapse cinematography, is a brilliant demonstration of 
the quite extraordinary changes in caliber which may occur spontaneously in an 
arteriole. Varicosities of the proximal (arteriolar) end of a “thoroughfare” 
channel are particularly well shown in the first sequence. The character and 
vasomotion of “precapillary sphincters” (in the sense of Chambers and Zwei- 
fach) are strikingly illustrated in the film of Fulton and Lutz. Spontaneous 
variations in caliber are best shown in the sixteenth sequence; induced varia- 
tions (in response to faradic stimulation) in the seventh, ninth, twelfth and 
thirteenth sequences. 
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More or less extensive im vivo studies of the frog’s web and urinary bladder 
have been carried out by a number of earlier investigators (among others, 
32-37, web; 31, 35, 36, 38, bladder). However, the detailed architecture of the 
vascular beds has attracted little attention; and no observations have as yet 
been reported which would confirm or deny the correctness of our conclusion 
that the concept of structural and functional units—built around ‘“thorough- 
fare’ channels—does not apply. The arrangement, character and behavior 
of the blood vessels of the human bulbar conjunctiva, in both health and dis- 
ease, have been described repeatedly (among others, 28, 39-46). However, 
reasonably precise statements concerning the detailed architecture of the 
peripheral vascular beds are relatively few in number. According to Lack et al., 
“The arterioles divide into numerous side capillaries and terminate with an 
end capillary. The latter, on occasion, functions as a ‘through and through’ 
channel. . . . Only rare arterio-venous anastomoses of the short type are seen.” 
(43, pp. 658-659) Particular interest attaches to the recent studies of Lee and 
Holze (44, 45), who interpret their findings in terms of the full applicability 
of Chambers and Zweifach’s concept of structural and functional units—built 
around “thoroughfare” channels—to the human bulbar conjunctiva. As dis- 
cussed above, our own observations indicate that the concept does not apply. 
The area of disagreement is wide, and there is an obvious need for further de- 
tailed studies in this region. 

Exclusive of the mesentery and omentum, two of the membranes which have 
been most extensively used for vascular studies are the retrolingual membrane 
of the frog (10-12, 30) and the cheek pouch of the hamster (29-31). Lutz, Ful- 
ton and Akers have recently summarized their observations, and the following 
statements are particularly pertinent to the present problem: 


“The vascular pattern in the frog’s retrolingual membrane consists of from two to four 
arterioles which enter from each side and divide into anastomosing capillaries which converge 
laterally into venules. Occasionally an arterio-venous anastomosis was seen, but the through 
pathway or ‘preferential channel’ reported by Chambers and Zweifach (1944) for the frog 
mesentery, and which we kave confirmed in that tissue, was rarely found.” (30, p. 268) 

“The vascularity of the cheek pouch is much greater than that of comparable mammalian 
preparations used for cinephotomicroscopy, such as the mesentery of the mouse or rat. The 
vascular pattern differs somewhat from that described by Chambers and Zweifach (1944) 
in that the concept ofa preferential channel (arterio-venous capillary thoroughfare) does not 
apply. Instead the arterioles which supply a capillary network bifurcate progressively into 
branches of equal significance in the distribution of blood. Some arterio-venous anastomoses 
and also arteriolar anastomoses were found.” (30, p. 275) 


Lutz et al. point out that Nicoll and Webb (47) reported no preferential chan- 
nels in the capillary circulation of the bat; and they conclude as follows: 


“Additional comparative investigations are needed between the functions of highly 
vascularized active surface tissues such as the cheek pouch of the hamster and the wing of 
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the bat and those of relatively avascular supporting structures such as the mesenteries of 
body cavities on which most of our generalizations concerning capillary physiology have 
been based.”’ (30, p. 275) 


SUMMARY 


On the basis of extensive studies of the frog’s mesentery, the rat’s meso- 
appendix and the dog’s omentum, Chambers and Zweifach have arrived at a 
concept of the peripheral vascular bed as a composite of structural and func. 
tional units, each unit having as its basic architectural feature a central, capil- 
lary-like, arterio-venous, preferential or “thoroughfare” channel, of which the 
true capillaries are side-branches. Chambers and Zweifach’s observations and 
conclusions have been accepted without question as valid for the membranes 
which they have investigated. The present in vivo studies of other regions have 
been undertaken in order to obtain additional evidence as to the general ap- 
plicability of the concept. Lutz, Fulton et al. have already clearly demonstrated 
that it does not apply to the retrolingual membrane of the frog and the cheek 
pouch of the hamster. 

Our studies have been confined almost entirely to the frog (skin, web, 
ventral surface of tongue, wall of urinary bladder) and man (finger nail bed, 
skin, mucosa of lower lip, bulbar conjunctiva). Emphasis has been placed upon 
features of architectural organization in selected peripheral vascular patterns; 
and only the web and urinary bladder of the frog and the bulbar conjunctiva 
of man (and rabbit) were found to offer sufficiently inclusive vascular beds for 
study and illustration with a reasonable degree of accuracy and completeness. 

In each of these three locations, more or less irregularly dichotomous capil- 
lary beds are a principal feature of the vascular patterns. In addition, in the 
frog’s web and urinary bladder, the patterns may exhibit arterio-venous com- 
munications in variable numbers; and an unusual instance of arterio-arteriolar 
communications was encountered in the urinary bladder. A structural unit— 
built around a preferential, capillary-like, ‘thoroughfare’ channel—does not 
emerge as characteristic of the vascular patterns in any of the locations speci- 
fied; and it is concluded that Chambers and Zweifach’s concept does not apply 
to the web and urinary bladder of the frog or to the bulbar conjunctiva of man 
(and rabbit). 
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BOOK REVIEW 


(These reviews represent the individual opinions of the reviewers and not 
necessarily those of the members of the Editorial Board of the Bulletin) 


Stereoencephalotomy : Thalamotomy and Related Procedures. Part I. Methods and Stereo- 
taxic Atlas of the Human Brain. Monographs in Biology and Medicine. Vol. 1. By E. A. 
Sprecet and H. T. Wycis. 176 pp., $8.00. Grune & Stratton, New York. 

In the past 5 years the use of subcortical electrodes for recording or making lesions has 
become of considerable research value. Stereotaxic guides, modelled after the Horsley-Clark 


apparatus, for placing these needles have been developed with varying degrees of success. 
To use such an instrument an atlas with co-ordinates for the various subcortical nuclei is 
a prerequisite. This monograph by Spiegel and Wycis, pioneers in this technique, describes 
their stereoencephalotome and gives a stereotaxic atlas of the human brain. The text is 
brief and well written, the numerous illustrations, clear and well labelled. Since this is the 
first such atlas available, it will be welcomed by the many workers in this field. The listing 
of the symbols in Latin, English, German, French, Italian and Spanish should make the 
monograph more useful to foreign workers. Adequate lists of references follow each chapter 
and a suitable index is appended. 

This technical monograph apparently, is the first of a series on the subject; the subsequent 
numbers giving the results obtained by the use of the stereoencephalotome will be eagerly 
awaited by clinical neurologists. 


A. EARL WALKER 


The Treatment of Injuries to the Nervous System. By DonaLp Munro, 284 pp., $7.50. 
W. B. Saunders Co., Philadelphia, Pa. 

This volume does an excellent job of outlining for the general surgeon, in concise fashion, 
the practical aspects of therapy of trauma to the nervous system. The major portion of the 
book is contained in the first chapter (or section), devoted to the brain and spinal cord. Here 
the author presents to the reader a brief, but adequate discussion of the general considera- 
tions entering into the treatment of head injuries, including the use of drugs, fluids and the 
handling of respiratory complications. Specific aspects of operative or non-operative therapy 
are then described. 


74 
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In view of the author’s preeminence in the field of injuries to the spine, it is understand- 
able that he should devote two-thirds of the first section of the book to these. Proper em- 
phasis and detail are given to the many important, but often neglected aspects of these cases 
which Dr. Munro has shown in his previous writings to be capable of rehabilitation only with 
persistent and intelligent care. 

The remaining chapters, devoted to injuries of the cranial nerves, the spinal and periph- 
eral nerves, and the autonomic nervous system, are necessarily sketchy because the author 
emphasizes the fact that proper treatment of such injuries should almost always be given in 
large medical centers where adequate facilities and staff are available. 

In spite of one or two anachronisms, such as the repeated use of fifty per cent dextrose 
to reduce brain volume, and the treatment of post-traumatic cortical atrophy by decompres- 
sion and release of fluid from the subarachnoid spaces, the book deserves to be widely read 
by the general surgeons and practitioners for whom it is admittedly written. In addition, it 
will be of considerable assistance to the student of neurological surgery, especially in his 
handling of injuries to the spine. 

F, J. OTENASEK 


Brain Surgeon. The Autobiography of Dr. Witt1am SHARPE. Foreword by John Haynes 
Holmes. 271 pp., $3.75. The Viking Press, New York. 

In spite of the recent surfeit of biographies and autobiographies of physicians, Dr. 
Sharpe’s account of his life is an engaging and human story, told with disarming simplicity 
and a modesty that is a rare attribute among neurological surgeons. 

Born into the rigid orthodoxy of the family of a Scotch Presbyterian minister, he early 
developed an interest in medicine, carrying out his studies at Harvard College and Medical 
School. Subsequently, a year was spent at The Johns Hopkins as a Surgical Assistant Resi- 
dent, under Dr. Harvey Cushing, who is all but deified in the book. His stay here in 1911 was 
cut short by appointment as the first Professor of Surgery at the new Harvard Medical 
School of China, in Shanghai. Interest in neurosurgery, inspired by Cushing, never waned, 
however, and the doctor soon returned to New York City where he became the first man to 
limit his work to surgery of the nervous system. 

From a historical point of view it is interesting to read the account of the early develop- 
ments of brain surgery in this country and to share the author’s tremendous enthusiasm for 
proper handling of “hopeless” head injuries. He developed an early interest in cerebral 
palsy, doing a great deal to emphasize its frequent origin in birth injury and insisting on 
measures aimed at prevention of this pathetic malady. 

Now, at the age of seventy, after a truly full life, Dr. Sharpe appears ready to lay down 
the knife and “‘to share the remembrances of his youthful ways.” Happily, the story is not 
intended to convey a message. It is not ambitious. The book is largely narrative and factual, 
not philosophic or profound. As a result, it is capable of rendering a delightful evening’s 
entertainment. 

F, J. OTENASEK 


Nerve Impulse. Transactions of the Third Conference, March 3 and 4, 1952. Edited by H. 
Houston Merritt. 176 pp., $3.50. Josiah Macy, Jr. Foundation, New York. 
Acheson, Altamirano, Bodian, Brazier, Brink, Bullock, Curtis, Fulton, Fremont-Smith, 
Galambos, Grundfest, Jasper, Kuffler, Merritt, Nachmansohn, Prosser, Reynolds, Francis 
Schmitt, Otto Schmitt, Shedlovsky, Steinbach, Wald, Wilson and Young prove that life 
isn’t simple, at least in stenograph notes of a lively round-table discussion. The topics pro- 
posed for discussion at this conference were Biochemical Similarities and Differences be- 
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tween Synaptic Transmission and Axonal Conduction, Electrical Similarities and Differ. 
ences between Synaptic Transmission and Axonal Conduction, and the Structure of Synaptic 
Junctions. Any resemblance between these titles and the points actually discussed is largely 
coincidental. 

M. G. L, 


Connective Tissues. Transactions of the Third Conference, February 14-15, 1952. Edited 
by CHARLES RAGAN. 166 pp., $3.50. Josiah Macy, Jr. Foundation, New York. 


Collagen, collagen, collagen pie. 

A fly can’t bird, but a bird can fly. 
Collagen, collagen, collagen pie. 
Ask me a question and I reply 
Collagen, collagen, collagen pie.* 


Seriously, one wonders if this little converted verse does not best fit the problems in- 
volved when a pathologist, Dr. R. D. Lillie, discusses connective tissue—particularly collagen 
in the light of how it stains—when an electron microscopist, Dr. R. W. G. Wyckoff, talks 
about the bundles of fibers with periodicities of 220A and 650A, and discusses its break-down 
and reconstitution into such shapes, and then another pathologist, Dr. A. H. T. Robb- 
Smith, insists on the difference between collagen and reticulin. 

As usual, these records of the Josiah Macy Conferences are stimulating. They make it 
apparent that much needs doing before anyone can give a very good reply to questions about 
how collagen is made in the body, and what goes wrong in disease, and what the possible 
cure of collagen diseases may be. There are many excellent illustrations. 

FREDERIK B. BANG 


Renal Function. Transactions of the Third Conference, October 18-19, 1951. Edited by 
STANLEY E. BRADLEY. 210 pp., $3.50. Josiah Macy, Jr., Foundation, New York. 

Each year the membership and guests of the conference change slightly thereby intro- 
ducing new and interesting viewpoints and keeping up with the work of the newer investiga 
tors in the field of renal function. This year there are very interesting discussions of two diver- 
gent conceptions of the mechanism of passage of substances across capillary walls with 
particular reference to the capillary walls of the glomerulus. It is in just such a situation as 
this that healthy discussion makes its greatest contribution to the advancement of knowledge. 

The inclusion of a noted English scientist as a guest of the conference is an admirable 
feature which serves to increase the scope of the discussion considerably. This year’s dis- 
cussion has served to clarify to some extent the relationships of tissue pressure, ureteral 
pressure and other physical factors to the urinary excretion of electrolytes and water. 
Further contributions to our knowledge of the tubular secretion of potassium and acid have 
been made. 

After the introductory remarks by the chairman, Dr. Pitts, seven papers were given as 
sources for the discussion. These papers are entitled: “The Passage of Substances Across the 
Capillary Walls,” “Possible Mechanisms of Formation of Glomerular Fluid,” “Intrarenal 
Pressure and Renal Blood Flow,” “Physical Factors in Relation to Electrolyte and Water 
Excretion,” “The Use of the Artificial Kidney,” “The Tubular Secretion of Potassium and 
Acid,” and “Enzymatic Processes in Tubular Secretory Transport.” 

The book, as usual, is well edited and maintains its high standards of scientific work. It 
is, as the previous ones have been, a highly interesting and extremely stimulating treatise 





* With apologies to Christopher Robin and Winnie the Pooh. 
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for those interested in renal function although a little technical for those not well grounded 
in this field. It can be highly recommended to any who may be interested in this line of in- 


vestigation. 


Eart H. DEARBORN 


Poisoning. A Guide to Clinical Diagnosis and Treatment. By W. F. von OETTINGEN. 524 
pp., $10.00. Paul B. Hoeber, New York. 

There has been a need for a comprehensive, yet usable, treatise on the subject of poison- 
ings. Von Oettingen’s book is not only authoritative but is admirably suited for ready refer- 
ence. The author specifically intended that it should “save time for the busy physician in 
tracking down the toxic agent and instituting effective treatment when poisoning is 
suspected.” 

The first section of the book not only lists the equipment and medications necessary for 
the emergency treatment of poisoning but also discusses certain general problems par- 
ticularly the physician’s medico-legal responsibilities in various states of the Union. 

The second part of the book is the section on diagnosis. Beginning with a discussion of 
history-taking in the poisoning case, it continues with a review of the signs and symptoms 
produced in each organ systems by various poisons. Lists of toxic agents which may produce 
a given symptom are given in each instance thereby assisting in a rapid winnowing of the 
possibilities in the case at hand. Changes in the blood and urine are treated in a similar 
fashion. In the last chapter of this section the author covers 72 commoner agents, enumerat- 
ing techniques for qualitative detection of the suspected poison in blood and urine. The 
author points out that the detection, much more the quantitative determination of poisons, 
is, with few exceptions, difficult and merely makes reference to the literature for quantitative 
techniques. 

The final and largest section of the book deals with treatment. Following a general dis- 
cussion of symptomatic treatment and of methods for eliminating poisons from the body 
the author gives the clinical description and recommended treatment of 461 poisons which 
are listed alphabetically. Appropriate bibliographic references accompany each. 

The author demonstrates admirable self-restraint in avoiding extensive discussion of the 
fascinating new material relating to toxicological mechanisms as well as the animal investiga- 
tions on which treatment is based in case of many poisons. Such discussions would make an 
already sizable treatise unwieldy and defeat the express purpose of the author. This book is 
recommended for use in hospi.al emergency departments and in the office of practitioners. 

Victor A. McKusick 
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Rheumatische irkrankungen. Entstehung und Behandlung. By Max Hocurew. 4169 
Ganzleine DM 36. Georg Thieme Verlag, Stuttgart, Germany. 
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